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ABSTRACT (continutid)

3. The digital servovalve was constructed with discrete high-speed solenoid valve, Ito cotroI thie
flow to a control actuator, The solenoid valves were a poppet design using a piezo'electric
stack and a hydraulic motion amplifier. The valves activated in less than one millisecond.
A microprocessor was used to control the valve and close the control loop. Tlhe servovalve
worked successfully. Since the oJutl)ut flow of the solenoid valves is low, the approach is
suitable primarily for small actuators.

4. The performance of an F- 15 rudder actuator was evaluated in a loading test stand. The
evalu:.;ion was limited to the electrical command mode with the manual input grounded. The
input/output performance characteristics in both unloaded and loaded operation were
documented and analyzed. The actuator is a rotary vane actuator, The performance
characteristics were similar to those of a linear actuator with the exception of characteristics
directly affected by the vane sealing method.

5. The Mission Adaptive Wing evaluation was a measurement of the loaded and unloaded
performance characteristics of a test specimen produced by General Dynamics Corporation
as a feasibility model. The actuation system for changing the camber of the test specimen is
unique and was evaluated with a series of input/output measurements. The testing verified
the general concept and revealed two design areas requiring additional development eff'ort
before flight test evaluation.

•. The impedance modification investigation used electronic load pressure sensing to change tihe
output impedance of an actuator over a selected frequency band. Changing the output
impedance of an actuator potentially can be used to suppress classical slab-surface flutler.
A demonstration actuator was sized to evaluate the impedance change capability. The test
results indicated that the output impedance of an clectrohydraulic actuator can be modified
over a useful but limited frequency range using electronic pressure sensing and the control
servovalve for the actuator, The limitation in the range of the impedance modification is
primarily determined by the frequency response characteristics of the servovalve used to
control the actuator.

7. The F- 16 Direct Drive Actuator development effort produced a direct drive control valve
package which replaces the normal control valve and secondary actuator mounted on the
actuator body of an F-16 Horizontal Tail/Haperon ISA. The design maintains the failure-
mode characteristics of the normal F- 16 ISA including the centering mode as the final failure
mode. The measured performance was equivalent to or better than that of the normal F-16
ISA. As part of the evaluation, a microprocessor-controlled initial checkout, failure monitor,
and failure switching unit was evaluated with the test actuator.
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"SUMMARY

This report describes six different research and development activities in flight control actuation.
The activitie.t are: (1) the development and test of a unique linear actuator scaling system for high-
pressure systems, (2) the development and test of a digital servovalve using piezo-controlled high-
speed solenoid valves, (3) the performance evaluation of an F-I15 rudder actuator under applied loads,
(4) the performance evaluation of a Mission Adaptive Wing section under different load conditions,
(5) the evaluation of output impedance modification of an electrohydraulic actuator for flutter
suppression, and (6) the development and test of a direct drive valve and electronics (analog and
digital) for an F-16 Horizontal Tail/Flaperon actuator. Volume I of the report presents activities I,
2, and 3. Volume II presents activities 4, 5, and 6. ... f( t ;

The sealing system was based upon using two-stage sealing for the piston rod seals and a pressure-
activated backup ring configuration for the piston seals. The system eliminated the use of elastomeric
dynamic seals. The piston rod first-stage seal was a laminar pressure-drop design which also served
as a rod-support bearing. The piston rod seal used commercial non-elastomeric seals. The design
was tested in actuators with thin wall cylinders at 8000 psi. Both MIL-H-83282 and CTFE hydraulic
fluid systems were used for the testing. The system was tested with 500,000 impulse-loading cycles
without any seal degradation.

The digital servovalve was constructed with discrete high-speed solenoid valves to control the flow
to a control actuator. The solenoih vaIlves were a poppet design using a piezoelectric stack and a
hydraulic motion amplifier. The valves activated in less than one millisecond. A microprocessor was
used to control the valve and close the control loop. The servovalve worked successfully. Since the
output flow of the solenoid valves is low, the approach is suitable primarily for small actuators.

The performance of an F- 15 rudder actuator was evaluated in a loading test stand. The evaluation
was limited to the electrical command mode with the manual input grounded. The input/output
performance characteristic. in both unloaded and loaded operation were documented and analyzed.
The actuator is a rotary vane actuator. The performance characteristics were similar to those of a
linear actuator with the exception of characteristics directly affected by the vane sealing method.

The Mission Adaptive Wing evaluation was a measurement of the loaded and unloaded performance
characteristics of a test specimen produced by General Dynamics Corporation as a feasibility model.
The actuation system for changing the camber of the test specimen is unique and was evaluated with
a series of input/output measurements. The testing verified the general concept and revealed two
design areas requiring additional development effort before flight test evaluation.

The impedance modification investigalion used electronic load pressure sensing to change the output
impedance of an actuator over a selected frequency band. Changing the output impedance of an
actuator potentially can be used to suppress classical slab-surface flutter. A demonstration actuator
was sized to evaluate the impedance change capability. The test results indicated that the output
impedance of an electrohydraulic actuator can be modified over a useful but limited frequency range
using electronic pressure sensing and the control servovalve for the actuator. The limitation in the
range of the impedance modification is primarily determined by the frequency response
characteristics of the servovalve used to control the actuator.

The F-16 I)irect Drive Actuator development effort produced a direct drive control valve package
which replaces the normal control valve and secondary actuator mounted on the actuator body of an
F-16 Ilorizontal Tail/Flaperon ISA. The design maintains the failure-mode characteristics of the
normal F- 16 ISA including the centering mode as the final failure mode. The measured performance
was equivalent to or better than that of the normal F-16 ISA. As part of the evaluation, a
microprocessor-controlled initial checkout, failure monitor, and failure switching unit was evaluated
with the test actuator.
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SECTION IV

MISSION ADAP'TIVE WING EVALUATION

I. INTRODUCTION AND SUMMARY

This report section describes the evaluation of a Mission Adaptive Wing (MAW) test section designed

and manufactured by General Dynamics (GD), Fort Worth Division, Fort Worth, Texas. The MAW

test section was a 42-inch spin of an F-I I I wing with full chord, leading edge to trailing edge. This

test section is located just inboard of the F- I I wing tip (F- I I I wing station 286.0), The test section

was designed and constructed full-scale by GD to realistic flight loads, material properties and safety

requirements. A description of a Mission Adaptive Wing System and the test specimen appears in

the Journal of Aircraft, Volume 18, No. 7, July 1981 in an article by William W. Gilbert. The test

section was transferred by General Dynamics to the A;r Force Flight Dynamics Laboratory at

Wright-Patterson Air Force Base, Ohio,

The purpose of testing the MAW section was to evaluate the performance characteristics of the

section, particularly under loaded conditions. The mechanization of the test section was sufficiently

unique, from a control surface actuation approach, to warrant evaluation. Although the MAW test

section was designed to operate with two hydraulic systems, the redundancy chara..teristics of the test

section were not evaluated in the investigation. All testing was conducted with the test section

operating in a no failure condition. The evaluation was based upon measuring the input/output

characteristics of the test section in an unloaded and loaded condition. The test section was modified

by installing of load attachment pads to the lower surface of the leading and trailing edges. The test

section was installed in the Multipurpost, Actuation System Test Rig (MASTR) ira the Actuation

Laboratory in Building 145, Area B, Wright-Patterson Air Force Base, Ohio for both the unloaded

and loaded performance testing.

The test section operated satisfactorily unloaded and with applied loads corresponding to surface

loads I, 2 and 3 psi. The input/output characteristics, particularly with the surface loaded, appeared

consistent with more conventional surface actuation techniques. Two areas of further development

were indicated by the results of the loaded testing, both in a detail design area of the mechanization.

One development area was the design of the universal joints used in the trailing-edge mechanization.

During the loaded testing, failure of the universal joints occurred (an alternate design was designed

and installed by I)CI). The second development area was the planetary gear box design. For surface

leads of 5 psi, gear separation occurs, indicating that the gear box would require some redesign to

operate with the large torque input capability of the hydraulic motors.
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II. TECHNICAL APPROACH

MAW Test Section Description

The test section incorporated two different actuation mechanizations, one for the leading edge and

one for the trailing edge. Figure IV-l shows the test section mounted on a supporting table with

the leading and trailing edges commanded to maximum up deflection. Figure IV-2 shows the test

section with the leading and trailing edges commanded to the maximum down deflection. The leading

edge deflects from -5* to +30* (down). The trailing edge deflects from -70* to +25° (down).

The leading-edge control system uses a linear actuator and linkages to control the leading-edge

surface shape. The control linkage consists of a main drive bellcrank and two control links. The

linkage supports a rigid aluminum nose cap and the upper and lower flexible skins. The fiberglass

skin is designed provide a smooth contour over the deflection range of the leading edge. No sliding

joints exist on the leading nose or upper surface. A sliding joint (faired) is used on the lower surface

(in a region with ,,r itive pressure). The control actuatot is a tandem design and uses two servovalve

control modules with monitoring provisions for failure detection.

The variable camber trailing-edge mechanization is based on a variable-geometry, three-section truss.

Each truss is joined with a three section acme screw and nut and slide. Each acme section uses a

different thread pitch to produce the desired airfoil camber with deflection. The three acme thread

sections are connected by universal joints so the thread sections drive in series. The upper and lower

skins are independent, attached at the forward edge to the wing box, and use a slip joint at the

trailing edge. The skins are supported by beams (oriented spanwise). The beams are attached to the

skin and are supported at each end by a pivoting slide blocks running in grooves in the truss

members. The support system allows the skin to pick up only the normal air loads and transfer them

from the support beams to the trusses. A motor-gearbox is used to drive the acme threads of each

truss. Two hydraulic motors are used for each gearbox (each supplied by a different hydraulic

supply). The motors are driven by manual input tandem valves positioned by F- I I I damper servo

packages. The tandem control valves and the damper servo packages are located below the test

section as shown in Figures IV-I and IV-2.

The control electronics for the test system were constructed to allow manual or remote electrical

operation of the leading and trailing edge. The electronics consisted of the driving electronics for

the leading- and trailing-edge servovalves and included failure detection logic and reset provisions.

Figure IV-3 shows the control electronics (including power supplies) and the linear actuator

controlling the leading edge.
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MAWS General Test Procedure

The MAW test section was mounted in the Multipurpose Actuation System Test Rig (MASTR) in

Building 145, Area B, Wright-Patterson Air Force Base, Ohio. The MASTR provided a mounting

table for the wing box of the test section. The wing box was clamped to the table using wood

supports (cut to the contour of the wing box) and a clamping plate. The leading and trailing edges

of the test section extended over the a'dge of the table. Figure IV-4 shows the section mounted in

the MASTR. Note the mounting pads on the lower surface of the leading and trailing edges. For the

loaded testing, the pads were used (with adapters) to attach the load actuators to the test section. The

control valving and series damper-actuators assembly was mounted on the mounting table at the

side of the test section as shown in Figure IV-5. The control electronics were positioned on the

opposite side of the test section in the mounting table as shown in Figure IV-6.

The test section was subjected to a series of input/output tests defining the performance

characteristics of the test section. The measurements are based on a series of input/output tests used

by Dynamic Controls, Incorporated (DCI) for testing other actuation systems for the Flight Dynamics

Laboratory at Wright-Patterson Air Force Base, Ohio. Input commands for the measurements were

based upon 100-percent full stroke for the leading-edge actuator (since the actuator stroke provided

the deflection limits for the leading-edge surface). For the trailing-edge commands, the full-stroke

inputs were established at 90 percent of the input which would cause the surface to deflect enough

for safety microswitches to fail the control system. The microswitches were used as

deflection-limiting safety devices to prevent overstroking the trailing-edge drive system and running

the acme screws in the variable-geometry trusses out of their operating range.

Due to the complexity of the MAW test section the testing was conducted in four steps as follows:

(I) Leading-edge tests - unloaded

(2) Trailing-edge tests - unloaded

(3) Leading-edge tests - loaded

(4) Trailing-edge tests - loaded
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General Performance Measurements

The following input/output measurements were performed on the MAW specimen. The same

measurements were conducted for both loaded and unloaded tests (with the exception of the

saturation velocity measurement which was performed only in the unloaded tests).

Measurement Definition

Linearity The dcviation of output-versus-input from a straight-line relationship.

H ysteresis The non-coincidence of loading and unloading curves at large and small

input command levels.

Frequency Response For a sinusoidal actuator input, the frequency response of the actuator

is the relationship of the output to input expressed as an amplitude

ratio and phase shift as a function of frequency.

Static Threshold The minimum change from :ero level which causes a measurable output

change.

Dynamic Threshold The input level a frequency of 50 percent of the actuator's bandpass
required to cause a measurable output level,

Saturation Velocity The maximum velocity at which the actuator is capable of moving in

each direction,

Transient Response The time rosponse of the actuator output to an applied step input whose

amplitude minimizes the nonlinear distortions of threshold and

hysteresis, yet avoids velocity saturation,

Test Configuralion

Figure IV-7 is a block diagram of the instrumentation, command, and power connections used

during the evaluation of the General Dynamics's MAW system. As shown in the diagram, a Hewlett

Packard 5423A structural dynamic analyzer with a Hewlett Packard 9872A digital plotter was used

for frequency response measurements.

IV - 10



IkI

,4-

JJ 0

u

C 3

a÷,4

0 o -A.-

LII

1V-II

) 0-4
> -4

Wo wa ~

-. 4 I

IV- I I



A Wavetek sweep generator and nn Esterline Angus 540 X-Y-Y' plotter was used to record linearity

and hysteresis measurements. A Brush 200 pen recorder was used for recording the threshold,

transient response, and saturation velocity measurements. Both the 28 VDC and ± 15 VDC electrical

supply requirements for the MAW control electronics were met with laboratory power supplies. The

MAW was supplied with 3000 psi with a 30-gpm hydraulic pumping system. Six Waters linear

potentiometers were installed to measure the surface motion of the test section.

Specific Test Procedure - Unloaded Leading Edge

The motion of the leading edge was measured with two linear position transducers (precision film

potentiometers) attached between the inboard and outboard loading pods mounted on the

leadine,-edge lower surface and the frame of the MASTR. Figure IV-8 shows the leading-edge

position transducer attachment point at 11.75 inches forward of the actuator bellcrank pivot point.

The motion of the actuator driving the leading edge was measured by using the demodulated outputs

of the two-section LVDT incorporated as part of the actuator for actuator-position feedback. The

following is summary presentation of the procedure used to make the input/output measurements

with the test configuration (shown in Figure IV-7).

The sweep generator is used to drive the control actuator to positive and negative position

limits using a triangular waveform at 0.1 Hz. The plotter is used to record the output of each

leading-edge position potentiometer and the actuator position LVDT (on the Y axis) versus

the input (on the X axis),

Hysteresis

The sweep generator is used to drive the control actuator with a 0.1 Hz sine wave at

amplitudes of 1.0 and 10 percent of the maximLm input voltage. The output of each

leading-edge position transducei and the output of the actuator LVDT are recorded by the

plotter (on the Y axis) versus the input command input (on the X axis).

Freauencv Resoonse

The HP 5423A analyzer is used to drive the control actuator with a band limited (0 to 50 Hz)

white noise input signal having a peak amplitude of t 3 percent of the maximum input signal

IV - 12



AcutiBeltcrw*k

Load Actuatori
MoL'nting Pad

S " I1 1/4' -

[x~

Figure IV-8. xi eding-edge position transducer attichment.

IV - 13



(for small signal response) or + 10 percent of the maximum input signal (for large signal

response). The lIP digital plotter is used to record the analyzer's output of amplitude ratio
and phase angle of the actuator motion and surface position versus input.

Static Threshold

The sweep generator is used to drive the input of the leading-edge control system at 0.3 iHz
with a triangular waveform. The initial input amplitude is started at zero and gradually
increased until a measurable output is recorded. The input, the actuator position, and surface
positions are recorded using the Brush 200 recorder.

Dynamic Threshold

The sweep generator is used to drive the input of the leading-edge control system with a

sinusoid at 5 Hz (a frequency equal to one-half of the leading-edge bandpass frequency).

Starting at zero, the amplitude of the input is gradually increased until a measurable output
is recorded for the actuator and for the surface position outputs. The inputs, the actuator

position, and surface position are recorded using the Brush 200 recorder.

Saturation Velocity

The sweep generator is used to drive the input of the leading-edge control system with a

square wave having an amplitude sufficient to drive the actuator to full stroke. The input,

the actuator posit on, and surface positions are recorded using the Brush 200 recorder.

Transient Response

The input is commanded with a step input having an amplitude equal to 10 percent of

maximum command input. The input, the actuator position, andi surface positions are

recorded using the Brush 200 recorder,

Specific Test Procedure - Unloaded Trailing Edge

The motion of the trailing edhe was measured by attaching the four position transducers (linear

precision potentiometers) to load attachment beams as shown on Figures IV-9 and IV- 10. As shown

in these two figures, the load actuator attachment beams were mounted to the loading pads and the
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position transducers were attached to the attachment beams. The position transducers and the rotary
potentiometers incorporated in the design of the test section (to feedback the output shaft position
of the differential gear boxes) were used to measure the performance the surface shaping mechanism.

In order to gauge the performance of (ie variable-geometry truss mechanization, recordings of the
rotary gear-box output motion and the surface position transducers versus input were made wherever

possible. A comparison of the surface position transducer outputs and the rotary gear box output
indicated the motion coupling characteristics of the variable-geometry truss design.

Linearity

The sweep generator is used to drive the control actuator to positive and negative position
limits using a triangular waveform at 0.1 Hiz. The X-Y-Y' plotter is used to record the
output of each trailing-edge position potentiometer and the rotary Sear-box position
transducer in the following combinations:

a. X axis - input command voltage

Y axis - rotary potentiometer output (left side)
Y'axis - *1 position potentiometer output

b. X axis - input command voltage

Y axis - rotary potentiometer output (left side)

Y'axis - 03 position potentiometer output

c. X axis - input voltage
Y axis - #1 position potentiometer output

W'axis - #3 position potentiometer output

The sequence is repented for the right side with position potentiometer #2 and #4 in place
of # 1 and #3 respectively and the right side's rotary potentiometer output in place of the left

side's rotary potentiometer.
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The sweep generator is used to drive the control actuator with a 0.1 Ihz sine wave at
amplitudes of 3.0 and 10 percent of the maximum input voltage. The X-Y-Y' plotter is used

to record the output of e•Wch trailing-edge position potentiometer and the gear box rotary

position transducer in the following combinations:

a. X axis - input coimand voltage

Y axis - rotary potentiometer output (left side)

Y'axis - #1 position potentiometer output

b. X axis - input command voltage

Y axis - rotary potentiometer output (left side)

Y'axis - #3 position potentiometer output

The sequence is repeated for the right side with position potentiometer $2 and #4 in place

of #1 and #3 respectively and t(le right side's rotary potentiometer output in place of the left

side's rotary potentiomneter.

Freauency Responsv

'The lIP 5423A analyzer is used to drive the control actuator with a band limited (0 to 25 IIz)

white noise input signal having a peak amplitude of + 5 percent of the maximum input signal

(for small signal response) or + 10 percent of the maximum input signal (for large signal

response). The liP digital plotter is used to record the analyzer's output of amplitude ratio

and phase angle of' the actuator motion and surface position versus input. The output motion

of the lefl and right potentiometers, and surface position transducers I, 2, 3 and 4 versus

the comnmand input are rec.orded for both the 5 percent and 10 percent input level. The 5

percent input (rather thOwn percent) was required to minimize the effects of threshold and

hysteresis on the mleatSuled Ifrequency response.

Statiyc 7hsi1

The sweep generator is used to drive the input of the leading-edge control system at 0.3 11z

to 0.6 liz with a trianguahr waveform, The initial input amplitude is started at zero and

grtadually increased until , measurable output is recorded, The input, the outputs of the

rotary potentiometers and the outputs of the four surface position transducers are recorded

using the Brush 200 recorder.
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Dynamic Threshold

The sweep generator is used to drive the input of the leading-edge control system with a

sinusoid at 1.5 Hz (a frequency equal to one-half of the nominal bandpass frequency of the

trailing edge. Starting at zero, the amplitude of the input is gradually increased until the

measurable output is recorded. The input, the outputs of the rotary potentiometers and the

outputs of the 4 surface position transducers are recorded using the Brush 200 recorder.

Saturation Velocity

The sweep generator is used to drive the input of the leading-edge control system with a

square wave having an amplitude equal to 80 percent of the maximum command input. The

input, the outputs of the rotary potentiometers and the outputs of the 4 surface position

transducers are recorded using the Brush 200 recorder.

Transient Response

The input is commanded with a step input having an amplitude equal to 10 percent of

maximum command input. The input, the outputs of the rotary potentiometers and the

outputs of the 4 surface position transducers are recorded using the Brush 200 recorder.

Loaded Testing

The general approach for loaded testing of both the leading- and trailing-edge surfaces of the MAW

specimen was to attach loading actuators only to the lower surfaces of both the leading and trailing

edges. The rational in loading only the lower surface with a compressive load was that type of

loading was sufficient to apply the desired net load to the actuation mechanism within each edge

(without incurring the complexity of running another set of load actuators, operating in tension, on

the top of the surfaces), Three load actuators were used for the leading edge and eight actuators were

used for the trailing edge. Figure IV-10 shows the load actuator installation from the right side of

the MASTR. Figure IV- Il shows the loading systems installation from the left side of the MASTR.

Each load actuator incorporated a load cell in its base and was driven by a single load control channel.

The maximum output force capability of each load actuator is 3000 pounds with a supply pressure

of 3000 psi. The actuators were commanded to a constant force output which created equivalent
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surface loading corresponding to pressure loadings of I and 2 psi on the leading edge and up to 5 psi

on the trailing edge. The load distribution assigned to the loading actuators was based upon an area

weighting according to the attach points of the actuators. The position of the surfaces were measured

with the same linear positions transducers used for the unloaded testing.

Loaded Leading-Edae Tests

Figure IV-13 is a closeup view of the leading-edge loading system as viewed from the right side.

The load actuators were attached to three pads located 15 inches apart on the forward lower edge of

the surface. The loading pads were located on centier with the three internal control linkages of the

forward edge. As shown in Figure IV- 13, the position transducer to the left of the figure (along

side the closest load actuator) is position transducer X6 . The position transducer measuring the

surface deflection along side the farthest load actuator is position transducer X5 , X6 is the surface

location closest to the leading-edge linear actuator.

The leading-edge control surface had a nominal surface area of 682 square inches (42 inchns x 16.25

inches). The total surface load for I psi aerodynamic load therefore totaled 682 pounds. Using the

area weighting criteria, the center loading actuator was used to apply a load force per psi of

aerodyamic load of 243 pounds and the two outboard actuators were used to provide a load force

per psi of aerodynamic load of 219 pounds.

Hysteresis, frequency response, and step response measurements were made for surface loads

equivalent to I and 2 psi for the loaded leading-edge testing. The procedure used for these

input/output tests was identical to that used for the same measurement with an unloaded surface.

Loaded Trailin2-EdIie Tests

Figure IV- 14 is a closeup view of the trailing-edge loading system. Note that the mounting of the

load actuators is at an angle in order to provide a load force perpendicular to the lower surface with

the trailing edge deflected nominally 6 degrees down. The trailing-edge surface area was 1680

square inches (40 inches x 42 inches), or 2.46 times the leading-edge surface area. As with the

leading-edge loads, each load actuator was assigned a percentage of the total load based upon a

division of the total surface area between the actuators according to the actuator mounting location

as previously shown in Figures IV-9 and IV-10. All the load actuators were attached along a line

13.25 inches either side of the centerline of the trailing edge. This placed the load application points

over the center of the two trailing-edge variable truss structures. The force output of the load
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Figure IV-13. Leading-edge loading system.
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actuators were established to give loads equivalent to 1-, 2-, 3-, and S-psi surface loading. The

input/output performance measurements as previously described for the unloaded tests were repeated

for each load condition. Only the saturated rate tests were not used for the loaded trailing-edge

performance tests becnuse of load actuator total-stroke limitations.
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Ill. TEST RESULTS

Unloaded Leading-Edge Te•.t Results

General

The motion of the leading edge was instrumented at two points on the surface (X, and X6 as shown

previously on Figure IV-8). The output of the leading-edge actuator as measured by the actuator's

integral dual channel LVDT, For most of the data, both outputs of the LVDT were recorded for

reference purposes. The small difference between the recorded outputs of the two channels reflects

the linearity differences between the channels and/or the accuracy of reading the outputs.

In order to relate the recorded data to the actuator output and/or command input, the surface
deflection in terms of local surface slope in degrees (0" being equal to 0 slope) was measured at each

instrumentation potentiometer attach point (X, and X6). An inclinometer was attached to the
leading-edge mounting pad to measure the leading-edge angle at the mounting pad. Table IV- I lists

the calibration factors for the leading-edge instrumentation. The I 'st calibration factor column is

the direct linear output gain of the LVDT and po,,.ition transducers. The second column relates the
output voltage change of the transducers to the surface deflection change with the leading edge

operating around the 0" deflection point. Note that because of the linkage geometry, the output
voltage/deflection gain did not remain constant over the entire deflection range. Hlowever, the

operating position for the input/output tests was maintained at 0* nominal when allowed by the

particular test procedure. Note also that the output of the LVDTs does not indicate the driving

voltage for the actuator, only the direct demodulated output of the actuator's position feedback

transducer.

Table IV.- I. Calibration factors for leading-edge instrumentation.

Transducer Calibration Factors

Position I (Pos I) 4.71 V/in 0.242 V/deg

Position 2 (Pos 2) 4.71 V/in 0.243 V/deg

Surface Position X, 0.40 V/in .0423 V/deg
Surface Position X6 0.40 V/in .0423 V/deg
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Static Threshold

Figures IV-15 and IV-16 show the result of the static threshold on the leading edge. Note that as

shown in Figure IV-15, the linear actuator (Pros I and 2) shows output motion and an input voltage

of ± .002 volts. tlowever, the leading-edge surface does not show corresponding motion, This is

because of the play in the control linkage connecting the output of the linear actuator to the control

surface. There are five linkage joints between the output shaft of the linear actuator and the

leading-edge control surface. The leading edge (as indicated by X5 and X6) does not move until the

input command reaches + .040 volts as shown in Figure IV-16. The high-frequency noise shown on

all the traces of the two figures is feed-through from the demodulated LVDT outputs and appears

in most of the strip chart and X-Y data recorded for the leading edge. Table IV-2 listc the results

of the static threshold in terms of a percentage of the maximum command input of + 11.7 volts.

Table IV-2. Static threshold results,

Motion Point Peak Input Volts % of Maximum Input

Pos 1,2 0.002 0.017

X5,X, 0.040 0.34

D y .a n iThrel

Figures IV-17 and IV-18 show the dynamic threshold data for the unloaded leading-edge

measurements. As with the static threshold, the linear actuator starts moving (as shown in Figure

IV- 17) before the leading-edge surface. In addition, X6 (closest to the linear actuator in the driving

mechanization) moves before X 5 (as shown in Figure IV- 18). This characteristic is due to the linkage

which couples the linear actuator to the control surface. Table IV-3 lists the threshold measured with

the gradually increasing 5-Hz command input.
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Test Item - General Dynamics Date 638
Mission Adaptive Wing Prepared; : A

Test - static Threshold

Surface - Leading Edge t---**- 2 mm/sec

Load -Zero Load

Input Command
I mv/div

Actuator
Position w .a0 m

I mv/div4,-i;

Poito X6
-ý

2 mv/di

Figure V-15. tatic hreshod le~iineg - dtaI
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Test Ites - General Dynamics Date
Mission Adaptive Wing Prepared: 6/3/85

Test - Static Threshold
Surface - Leading Edge > . 2 m/e
Load -Zero Load

input Command

ActuatorLE
Position I 1
.0012 in/div

Actuator
Position 2j
.0012 in/div

Surface

Sur face
Position X6

Figure IV -l16 Static threshold loc'Oliig e(1g(ý w~



Test Item - General D~ynamuics Date
Mission Adaptive Wing riepitred: 658

Test - Dynamic ThresholdL 50m/e
Surface - Leading Edge - 0m/e
Load -Zero Load

Input Command

I mv/div

Actuator.... 1
Position 2 -

Imv/div

Position 26
I mv/div Am

Fiur I- 7.I~nani trehnd c~I~~gu1g

Ail



Test Item - General Dynamics Date
Mission Adaptive Wicg Prepared: 6/5/85

Test - Dynamic Threshold
Surface -ýLeading Edge
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2 mv/div

Actuator z

Position I5

2 mv/div
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Table IV-3. Dynamic threshold results.

Motion Point Peak Input Volts % or Maximum Input

Pos 1,2 .0015 .013

Xs .0220 0.188

X6 .030 0.256

The dynamic threshold for all the motion points is lower than the static threshold.

Freouency Response

Figures IV- 19 and IV-20 show the Frequency response of the linear actuator output Position 2 (Pos

2) with a 3-percent command input. Figures IV-21 and IV-22 show the frequency response of

Position 2 with a 10-percent command input, This data is representative of the data recorded at

positions X5 and X6 (with a smooth roll-off of the response and no amplitude peaking). Table IV-4

lists the frequency response of all the measurement points for the 3-percent input in terms of the

frequency at which - 3 dB amplitude ratio and - 90 phase angle occurs, Table IV-5 lists the data

for a 10-percent command input amplitude.

Table IV-4. Frequency response - 3-percent input.

Motion Point - 3 dB Frequency - 90' Frequency

Position I 12.81 10.14

Position 2 12.06 9,2

X5 12,26 9,99

X6 13.91 11.08
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Table IV-.. Frequency response - 3-percent input.

Motion Point - 3 dB Frequency - 90" Frequency

Position i 9.14 8.65

Position 2 9.27 8.52

X5  11.15 10,06

X6 10.77 10.06

Note that the frequency response with the 10-percent Input is not substantially reduced from the

smaller input signal of 3 percent or maximum command and the actuator response is well above the

20 radian per second (gain bandwidth) minimum design value (given by William W. Gilbert of

(ienernl Dynamics in paper AIAA B0-1886R), The slightly extended frequency response of points

X, and X6 indicate that there may be a well-damped resonance at 10 Hz, The unloaded response of

the lending-edge shows that the mechanization can easily meet and or exceed the desired response

ror (he control surface under low load conditions.

Figures IV-23 through IV-2b show the linearity of the linear actuator and the two surface motion

point,q. As should occur, the linearity plots of Position I and Position 2 (Figures IV-23 and IV-24)

ngree with each other and show little nonlinearity and hysteresis. Positions X5 and X6 show the

L'oollt)ined nonlinearity effect of' the drive linkage and the motion of the position transducers (the

unds of which move through an arc as the surface deflects), There is a slight increase In the

hysleresis at positions X5 and X 6 compared to the linear actuator motion, Note also that the Position

X. 1nd X6 includes the hysteresis and nonlinearity of the linear actuator in their motion,

Iig.Uros IV.27 through IV-30 are representative of the data recorded to determine the hysteresis of

the leadinR edge. Figures IV-27 and IV-28 show the hysteresis of the linear actuator at 10- and

I percent inputs tis measured by the Position I output, Figures IV-29 and IV-30 show the hysteresis

charnacteristic of' Posilion X, at 10- and I-percent command inputs, Table IV-6 lists the hysteresis

I'mi the leading edge with a 10-percent input command, Notice that the surface positions X, and X6

(which include the hysteresis of Ithe actuator) exhibit 6.27 times the hysteresis of the actuator by

itsell. Table IV-7 lists the hysteresis for the leaning edge with a I percent command Input, The
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hysteresis as a percent of the full-scale command has decreased compare to the 10-percent input.

This indicates that the hysteresis is amplitude dependent. Note that in both tables, the hysteresis for

motions at X, and X6 is the same, indicating that the additional hysteresis caused by the coupling

linkage is due to the linkage between the actuator and X6 , not between positions X, and X6.

Table IV-6. Hysteresis for a 10-percent input.

Motion Point % of Full Command % of 10% Command

Position 1 0.102 1.02

Position 2 0.102 1.02

X5 0.64 6.4

X6 0.64 6.4

Table IV-7. Hysteresis for a I-percent input.

Motion Point % of Full Command % of 1% Command

Position I .042 4.2

Position 2 .0412 4,2

Xs 0.30 30.0
X6 0.30 30.0

Saturation Velocijy

Figures IV-31 and IV-32 show representative data recorded to establish the unloaded saturation
velocity for the leading edge. Note that surface down corresponds to retraction of the linear actuator,

Table IV-8 lists the saturated velocity as measured at each motion point.
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Test Item - Ceneral Dynamics Date
Mission Adaptive Ming Frepared: 6/17/85

Test - Saturation Velocity
Surface - Leading Edge
Load - Zero Load

*-* t - 100 m/saec

Input Command
500 mv/div

-- I---- 4- - 4-- -+ - -1 •---+ 1 1--+--+--

Actuator
Position 1
200 mv/div

Surface
Position X5

50 mvldiv

Figure IV-3I. Surface up - saturalion velocity,
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Test Ites - General Dynamics Date
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Test - Saturation Velocity
Surface - Lead ing Edge
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Input Command
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Actuator
Position I-----
200 mv/div

Surface
PositionX5
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Table IV-$. Saturation rate.

Motion Point Linear Actuator (In/see) Surface (deg/sec)
Extend Retract Up Down

Position I 2.02 1.64 ---- ---

Position 2 2.02 1.64 ----

Surface X5 ---- 41.5 34.0

Surface X6  ---- ... 41.0 33.9

Note that the surface rate (maximum) is sufficient to achieve full deflection (-5" to +30*) in
nominally I second.

"Transient Response

Figures IV-33 and IV-34 show the large amplitude step response of the leading-edge control system.
Note that the input voltage is a 4,6-volt step, creating an output change of 20 percent of the

maximum output. There is a short time delay (associated with the response of the linear actuator)

before ihe actuator and leading-edge surface move. Note, as shown in the figures, the step input is
large enough to cause rate saturation of the linear actuator. Note also that there is no overshoot or
ringing of the motion points. Table IV-9 lists the time response for the motion points of the leading
edge for both the surface up and surface down motions.

Table IV-9. Step response.

Surface Up

Motion Point Time to Start Time to 63% Time to 100%
Motion or Travel of Travel
(sec) (sec) (sec)

Position I .015 0.100 0.170

Position 2 .015 0.100 0.170

Surface X5  .015 .095 0.172

Surface X6 .015 .095 0,175
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Test Item - Ceoeral Dynamics Date
Mission Adaptive Wing Prepared: 6/17/85

Test - Translent Response
Surface - Leading Edge
Load - Zero Load

--- t a 200 rn/sec

Input Comnand
100 mv/div

, .--I ,~~-4--+-+ --- -+ .•- 4- -4 - ---

Ac uator
Position I
50 mv/div

SurfacePn Iition XS 5

10 mv/div

Figure IV-33. Surface up - step response.
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Test Item - General Dynamics Date
Mission Adaptive Wing Prepared: 6/17/85

Test - Transient Response
Surface - Leading Edge
Load -Zero Load

Input Command
100 mv/div

Actuator
Position I
50 mv/div

Surface
Posit ionX
10 mv/div

Figure IV-34. StIlf,,ce dr'wn - step rtesponse9,
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Table IV-9. Step response (continued).

Surface Down

Motion Point Trime to Stnrt Time to 63% Time to 100%
Motion of Travel of Travel

(Svc) (30c) (sec)

Position i 0.017 0.115 0.190

Position 2 0.017 0.115 0.190

Surface X5 0.017 0.115 0.190

Surface X6  0.017 0.115 0.185

The time resporse shown in the tables indicates a slight difference between the direction of motions.

This is consistent with the requirement for the force to bend the fiberglass top skin, thus aiding the

actuator in one direction of motion and opposing in the other direction of motion,
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Unloaded Trailing-Edge Test Results

Gnergi

The motion of the trailing edge was instrumented at four points on the surface (X,, X2, X3 and X,

as shown previously on Figures IV-9 and IV-10). These points on the trailing-edge surface and
rotary potentiometers which mcasured the output shaft position of the differential gear boxes were

used to document the performance of the trailing-edge mechanization.

Tables IV- 10 and IV- I I list the calibration factors for the instrumentation potentiometers used with

the trailing edge. Table IV-10 lists the calibration factors for the surface potentiometers. Both the
linear output/inch of deflection and the output/degree of local angular motion of the surface at

each mounting point is listed in the table. Table IV-I I lists the .:alibration factors for the left and
right rotary potentiometers in terms of the surface position motion, The V/inch and V/degree

indicate the output change of the appropriate rotary potentiometer for a corresponding position

change of the trailing-edge surface at positions X1, X2, X3 and X4.

'rahle IV-I0. Calibration factors - trailing-edge transducers.

Motion Point V/in V/Deg

X, 1.00 0.275

X2 I,00 0.276

X3 1.00 0.183
X4 1.00 0,173

Table IV- I, Calibration factors - rotary potentinmeters.

L~eft Rolarly 1Lotntiomiter Right Rotary Potentiometer
Motion Point V/in V/deg V/in V/deg

X 0.665 0,183
X2 ---- 0672 0.186
X3 3,166 0,58 ----

X... . 2.974 0.516
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Linearity data was also obtained on the secondary actuator (F- Ill damper actuators) which

commanded the flow control valves for the hydraulic motors used with the rotary gearboxes. Figures

IV-35 and IV-36 show the output/input linearity for these actuators. The output motion of the

actuator wa3 measured with the position transducers incorporated in the secondary actuators with

outputs provi'ed in the control electronics for the system. For this measurement, the flow to the

hydraulic motors was disabled so that the input to the system drove only the secondary actuators. The

linearity data both shows the input voltage for maximum actuator stroke (± 2.3 volts). This is the

input for maximum surface rate, since the actuators drive (through a motion reduction linkage) the

flow control valves for the trailing-edge hydraulic motors. Note that both actuators exhibit good

linearity and some hysteresis. The hysteresis for the right actuator is 1.0 percent of maximum

actuator command while the left actuato; is higher at 2.2 percent of maximum actuator input

command.

Static Threshold

Figures IV-37 and IV-38 show data taken during static threshold test. Note that as shown in Figure

IV-37, both the left and right rotary potentiometers sense motion of their respective gear boxes at

the same input level. Figure IV-38 shows the first recorded motion of the surface at X , the right

center of the trailing edge. Figure IV-39 shows the motion at X4, the right tip of the surface. The

difference between the static thresholds of these two points is due to lost motion in variable-geometry

truss drive between these two points. Figure IV-40 shows the first recorded motion of the surface

at X1 , the left center motion point. Figure IV-41 show the motion at X$, the I•- ;p. Note that the

static threshold for the left arm is greater that the right arm. This is due to the free-play difference

between the two trusses since as noted above, both differential gear boxes operated simultaneously

during this test.
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Teat Its= - Ceseral Dynamics Date
Mission Adaptive Win& Prepared: 7/22/85..

Test - Static Threshold
Uirface - Trailing Edge
Load - Zero Load

t *5 mm/sec -

Input Command------

Left Rotary
Potentiometer

Right Rotary
Potentiometer
2 mv/div

Fi gure I V-37, Sltirc ifhreshoid -traiding edge - rotiry inotion.
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Test Iten - General Dynamics Date
Mission Adaptive Wing Prepared: 7/23/85

Test - Static Threshold
Surface - Trailing Edge
Load - Zero Load

- t •5 am/sec

Input Command
2 mv/div

Surface
Position X.

2 mv/div

Figure IV-38. Static threshold - trailing edge - X2 motion.
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Test Item - Ceneral Dynamics Date
Mission Adaptive Wing Prepared: _71/23/85

Test - Static Threshuld
Surface - Trailing Edge
Load - Zero Load

-~" t,- 5 nun/sec

Input Command
10 mv/div 4 L :iI sj

Surface r"f~: ~j
P~osition X,
2 mv/div

Figure IV-40. Static threshold - tradling edge - X, motion.
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Test Ite. - General D~ynamics Da to
Mission Adaptive Via& Prepared: 7/23/85

Test - Static Threshold
Surface - Trailing Edge
Load Zero Load

---- > t a5 ,nmlsec

Input CommandJ

lo mv/aiv

po~sitjiof Xj dx

I'igue IV-4 I. Static tbireshold - trailing edge -X.3 =6011o.
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Table IV- 12 summarizes the threshold or the motion points in terms of the maximum command input

of + 11.7 volts. The threshold for the left variable-geometry truss (measurement points X1,X3) is

greater than the right (measurement points X2,X,) by nominally 100 percent. rhis is prohahly due

to the wear in the actuating mechanism (since both the left and right gear boxes move at the same

input level).

Note that for the trailing edge. a command voltage of t 5.61 volts produced full surface deflection.

This voltage was used to calculate the percentage of maximum posilion command for the performance

measurements. For the description of the test results in terms of the command to produce maximum

surface rate, the maximum command voltage of +2.35 volts for the series actuator was used.

Table IV-l2. Static threshold - unloaded trailing edge.

Motion Point Threshold % Max Rate % Max Position
(peak volts) Command Command

Left Rotary

Potentiometer 0.004 0,170 0,071

X 0.090 3.45 1.604

X3  0.120 5.11 2.138

Right Rotary
Potentiometer 0.004 0.170 0.071

X2  0.038 1.62 0.677

X4  0.045 1.92 0,802
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Dynamic Threshold

Figures IV-42 through IV-45 show the data recorded for dynamic threshold tests on the unloaded

trailing edge. The test used an input frequency of nominally 1.0 1lz for exciting the surface. Note

that the rotary potentiometer for the left arm requires slightly lower input to start moving than the
right arm. However, the tip of the left truss is also the last point to show motion with an increasing

input. 'Table IV-13 lists the dynamic thresholds of the motion points on the trailing edge with the
motion points of each variable-geometry truss grouped together. The threshold values are listed both

in terms of maximum command input and the input required to cause maximum position of the

damping actuators used to drive the control valve for flow to the hydraulic motors. This input

command corresponds to the maximum error voltage required for maximum surface rate.

Table IV-13. Dynamic threshold - unloaded trailing edge.

Motion Point Threshold % Max Rate % Max Position
(pk volts) Command Command

Left Rotary

Potentiometer 0.006 U,268 0.106

X1  0.060 2.55 1.07

X3  0.090 3.82 1.60

Right Rotary
Potentiometer 0.007 0.304 0.124

X2 0.055 2.34 0.980

X4 0.080 3.40 1.426

Linearitv and LIarge Arnliutde Hysteresis

Figure IV-46 through IV-48 show the linearity of motion as measured by the rotary potentiometers

and the linear potentiometers attached to points X1, X2, X3, and X4, The input level used for the

test was 90 percent of the maximum command level or t5.05 volts. Figures IV-46 and IV-47 show
the linearity (and hysteresis) of the left truss while Figures IV-48 and IV-49 show the linearity and

hysteresis or the right truss. Note that the output of the rotary potentiometers is very good while
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Test Iten - General Dynamics Date
Mission Adaptive Wing Prepared; .J1231§5...

Test - Dynamic Threshold
Surface - Trailing Edge
Load -Zero Load

---- *t - 10) mm/sec

Input Command
2 mv/div

Right Rotary
Potentiometer

Lef Rotary

Potetioete .. i

~4t I dY' i" C. tll4-

Figue I-42.I~yttfiic hrehold- tailng ege ohir moion
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Teat Item - Ceneral Dynamics Date
Missiou Adaptive Vina lreparedt 7/29/85 -

Test - Dynamic Threshold
Surface - Trailing Edse
Load - Zero Load

St - 10 mm/sec

Input Command
10 wv/div

H4-'_ ----

Surface --- -
Position x
2 mv/div

Surface
Position X2

2 mv/div

-4- -4- 1 1-+ - • _ -- -4-+ -

Figure IV-43. Dynamic threshold - trailing edge - X1, X2 motion.
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Test Iteu - General Dbnauice Date
Misaicn Adda-i•ve W-i'g Prepared: 7/29/85

Test- Dynamic Threshold

SInrface -Trailing Edge
Load - Zero Load

-... t * 10 =rn/se

Input Coltmand

10 mv/div

Surface
Position X,

2 mv/div

Figure IV-44. Dynamic threshold - trailing edge - X4 motion.
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Test Item - General Dynamics Date
Mission Adaptive Wing Prepared: 7/29/85

Test - Dynamic Threshold
Surface'- Trailing Edge
Load - Zero Load

o- > t - 10 m/seec

Input Command
10 mv/div

Surface
Position X32 mv/div

--.+ --÷~~~~ ~ ~ ~ .- -+-1- - -- .- - - - ------ 4- -4 -

Figure IV-45. I)ynnmic threshold - trailing edge - motion.
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Figure IV-46. Linearity - trailing edge - left rotary - XIMotio".
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Surface Position X4 (volts)
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Right Rotary Potentiometer (Volts)

Figkile IV-49. Llnearity, -. rling edp~v rij~lit iomry,, X 4 motion.
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the surface position transducers show some nonlinearity. This is because of the surface position
transducers necessarily must track an arc when the surface deflects. Note the increase in hysteresis
from the rotary potentiometer output to the tip position transducers X 3 and X4. This is result of' thie
accumulated free-play in the truss driving mcchani~ntion from the gear boxes to the tip of' the
trailing-edge surface and is expected.

Table IV-14 lists the hysteresis for the large (90 percent) input command in termis of a percentage
of the 90-percent command voltage of ±t5.05 volts and in terms of the command voltage of' +2.3.5
volts to produce 100-percent series actuator stroke.

Table IV-14. Large amplitude hysteresis - unloaded trailing edge.

Motion Point I% Full-Scale Hysteecsis % [-ull-Scaic Hlysteresis
(Ref. to 90% Max Input) (Ref. to 100%) Max Rate Input)

Left Rotary
Potentio -neter 2.35 5.05

X1..4 7.50

X 3  5.82 12.51

Right Rotary
Potentiometer 2.19 4.72

X23.13 6.7.3

X4  4.07 8.75

Figures IV-50 through IV-57 show the data recorded at 3 percent (i0.168 volts) and 10 perccni
0.561 volts) of full -scale input level of ± 5.61 volts. Table IV- 15 lists the hysteresiis valties 1'( th-

.3 percent input in termis of' tle f~ull-scale input and the 3-percent inlput
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Right Rotary Potentiometer (Volts)
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Figure IV "51. HIystere~sis - 3-percent commond -irniling edge - righit rotziry - X4 motion,
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Right Rotary Pottntiomator (Volts)
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Figure IV- 53. I y-stecsi s 3- percent coM11ltandj - trijiling edge - right rotalry X2 mlotion,.
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Table IV-15. Small amplitude hysteresis - 3-percent input - unloaded trailing edge.

Motion Point Hysteresis % Hysteresis % Hysteresis
Input (Ref. 3 % Input) (Ref. 100% Input)
(volts)

Left Rotary

Potentiometer 0.029 8.63 0.258

X1 0.178 52.97 1.58

X3  0.250 74.4 2.23

Right Rotary
Potentiometer 0.034 10.1 0.304

X2 0.171 50.9 1.52

X4  0.228 67.9 2.03

Note that for this amplitude of input, the hysteresis contribution of the driving linkage for both the

left and right trusses is 50 percent of' the input (or greater).

Table IV-16 lists the hysteresis for an input of 10 percent in terms of the full-scale input snd the

10-percent input.

Note that the higher input level exhibits hysteresis similar to the low-level inputs when expressed

in terms of the maximum input. The readings at the midpoints of the surface (X1 and X2 ) unchanged

by the higher input. The hysteresis at the tip of the surface (points X3 and X4) is above 2.5 percent

ol' the rnaximuimi input, indicating that small signal response will be affected for light surface loadp,
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Table IV-16. Small amplitude hysteresis - 10-percent input - unloaded trailing edge.

Motion Point Hysteresis % IHysteresis % Hysteresis
Input (Ref. 10% Input) (Ref. 100% Input)

(volts)

Left Rotary

Potentiometer 0.072 6.42 0.64

X1 0.199 17.8 1.78

X3  0.374 33.4 3.34

Right Rotary
Potentiometer 0.062 5.54 0.55

X2 0.156 13.9 1.39

X4 0.300 26.8 2.68

Freauencv Resoonse

Figures IV-58 through IV-65 show representative data recorded for the frequency response

measurements. The figures show the response of the left and right gear boxes as measured by the

rotaryposition potentiometers. Both inputlevelsof 5- and 10-percent maximum command were useJ

for the measurements and the results of both input levels is shown. For each potentiometer and input

level, two response plots are shown: one of the amplitude response and one or the phase response.

This was done to allow using cursor locations on the response plots to mark the - 3 dB amplitude

point (or the - 45' and - 90* phase angles) and have the cursor locations print on the plot legend.

The response of the other motion points of X1 , X2, X3 and X. resembled that of Figures IV-58

through IV-56 in terms of no peaking. Table IV-17 summarizes the response of the motion points

for the 5-percent command input level. Table IV-18 lists the response of the motion points for the

10-percent command input level.

As shown in Tables IV-17 and IV-18, the frequency response of the motion points decreases from

the rotary potentiometers (gear box motion) to the tip motion of the surface (points X3 and X,). The

frequency response also improves with the higher input amplitude. Both of these characteristics

reflect the effect of the free-play in the driving mechanization of the variable-geometry trusses.
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Figure IV-58. Amplitude response - 5-percent command - lert rotary potentiometer - unloaded
trailing edge.
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Figure IV-60. Amplitude response -5-percent command - right rotary potentiometer - unloaded
trailing edge.
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Figure IV-61. Phase response- 5-percent command - right rotary potentiometer - unlonded trailing

edge.
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Figure IV-62. Amplitude respons•e -10-percent command - Iel't rotalry potentiumeter - unloaded
traiiing edge.
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Figure JIV-63. Phase response - tO-percent command - left rotniry potentiometer - unlonded trniling
edge.
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Figure IV-64. Amnplitude respotnse - 10-percent command - right ol.lry potentiometer - unloaded
trailing edge.
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Note also. that the frequency response of the tip of the left truss is lower than the right truss. This

is consistent with the difference in the measured hysteresis between the two trusses.

Table IV- 17. Ireciucncy response - unloaded trailing edge.

5-I'ercent Input Command

Motion Point -3 dI F[req. -45" Phase Freq. -90° Phase Freq.
(Hz) (0z) (1Iz)

Left Rotary

Potentiometer 3,914 2.117 4.864

X 3.054 1.298 2.193

X3 0.800 0,766 2.270

Right Rotary
Potentiometer 5077 2,050 3.986

X2 2.883 1,270( 2.971

X4 1.487 0.674 2.257
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Table IV- 18. Frequency response - unloaded trailing edge.

10-Percent Input Command

Motion Point -3 dB Freq. -45° Phase Freq. -90' Phase Freq.
(Hiz) (liz) (lIz)

Left Rotary

Potentiometer 4,346 1.803 3.910

X*1  2.497 1,494 3.034

X3 0.867 0.719 1.697

Right Rotary
Potentiometer 4.904 2,044 3.980

X2  4.285 1.521 2.995

X4  3.573 1.337 2.783

StULepZ Rsoe

Figures IV-66 and IV-67 show the step response recorded for the left and right sections of the

trailing edge. The amplitude of the step input was nominally 1.12 volts or 10 percent of the total

± 5.61 volt input. Figure IV-66 shows the test results for the left section. Note that on the surface

down motion, the rotary potentiometer shows some overshoot of the final position. However, the

overshoot motion does not feed through to positions X, and X3 . T'he movement into the lin'd

positions for both X, and X3 show minor amplitude variations, indicating some free play in the

mechanization.

Figure IV-67 shows the test results for the right section. Note that the for the surface up direction,

the rotary potentiometer shows some overshoot without ringing. As with the left section's response,

the surface positions show minor amplitude irregularities in settling into the final position.

Table IV- 19 lists the measured response in terms of time to reach 63 percent of ihe final value (aifter

start of motion) and the time delay to start motion after application of the step ioput. The difference

in response times shows the effect of free play on the response of the variable-geometry trusses.
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Test lifvm -- General Dynamics Date.
Mission Adaptive Win& Prepared: j~

Stxx'r,,-e T ai Iing Edge
Load 'i-oad

Input Command
jx~l 1 150 mv/div

SLeft Rotary Potentiometer
20 wv/div

iturac Postio X1j -:

r4 Surface Positionl X,

.0150 in/div

Surfacer postio X3

hguuae I1/-66. Step response - X1, X3.
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Test Item - Crneral Dynamics Date
Hissuion Adaptive Wing Prepared; /18

Test Res ~~iponse
Surfnrý Tr:%ling Edge
Load - ,~~

Surface Position X4
.0125 in/div

Surface Position X2
.050 irnidiz

Right Rotary Potentiometer
20 ým/div

Input Command
.50 wv/div

9 0 tns/div t 2.0 rng/div

sur~tace Up Surface. Down

Figure IV-67. Step response - X29 X4.
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Table IV-19. Step response - unloaded trailing edge.

Surface Uo Surface2Do.,

Motion Time 63% Time 63%
Point ellay 'Vinme Delay Time

(nis) (ins) (ins) (ins)

Left
Rotary
Pot. 40 125 40 70

X1 60 80 50 55

X3  40 130 40 95

Right
Rotary
Pot. 20 90 15 70

X 50 40 50 45

X4 65 55 40 60

Saturation Velocity

Figures IV-68 through IV-71 show data recorded during the saturation velocity test. The input

command amplitude -tep level was 4.5 volts (40 percent of the maximum command voltage). This

was the maximum step input that the system would accept without tripping the failure-detection

logic. The step was large enough to ensure that the control valves for the hydraulic motors traveled

to their full excursions. Note that as shown in Figure IV-68 and IV-71, there is a difference in the

velocities indicated by the jotary potentiometers. Table IV-20 summarizes the saturation rate for the

motion points of tihe trailing-edge surface. Note that the X2 and X4 surface velocities exceed 20

degrees per second and that there is a difference between the velocities indicated by the rotary

potentiometers.
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Table IV-20. Trailing-edgp maximum velocity - unloaded.

Surface US

Motior Point In/Sec. Deg/Sec. In/Sec. Deg/Sec.

X1 2.13 5.82 3.40 9.29

X3  15.0 27.27 22.50 40.91

X2  2.7 7.8 2.80 8.09

X4 14.0 25.35 13.50 24.46

The differences in the rates for the surface down and surface up as well as the differences between

the right side of the surface (X , X4) and left side (X1, X3 ) were probably caused by a slight

asymmetry in the flow from the two control valves, This could be easily eliminated if nccessary by
adjusting mechanical spool stops (or the driving-actuator-mounting position),
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Test Item - General Dynamics Da te
M~ission Adaptive Win& Prepared: _8~/6/85

Test - Saturat ion Velocity
Surface - Trailing Edge -Surfaice Dow~n
Load -Zero Load

Ref t.4O

--- ~.--->t =100 Ulrn/'e2C

-F 
1 I..4-'

Input Command I i
200 miv/d ivU.711

A- LI J -i-

Lefht Rotary

200 m1V/div72

1 --- 4 --4 +-. 4 --4 1.

Rih Rot8. a ury ii~ vc7t r7ayptntn~q
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Tecst 7tem - Ceaeral L~ynAmicg Da t e
Missiou Adaptive Wing Pitepared: 8/6/85,

Test - Saturation Velocity
Surface - Trailing E~dge -Surface D~own
Load -Zero Load

Ref

----- t, - 100 rrnn/s~e

1--4-r- A 4 4 -)1 4 1 L.-4--A ;4 4 -4- - -1 4

Positijoni X 1 ~ j~ iI.04 in/div ji
1 -4141 +- 4-14 4-A

Surface +1
Position X3  :T,1

.20 in/div 74 .'C"4

I + -4 I1114 1 1-4-4 4-~

surface
Position X4

.20 in/div

Figure IV-69, Saturation velocity -X 2. X3 , X4
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Test Item - General 1)ynimics Dat~e
M~bi tsof Adapt ive Wi ng P'repared: 868

Test - Sait.uriat ion Velocity
Surf~ace - Trailing Edge -Smrface Uip
Load -Zero Load

Ref t 40

------->t 100 mm/sec

11 4 A. A .- . 4 1 .1 4 ... -.A

Surf ace
PositionX

.04 in/div

Surface
position X3

.20 in/div al

is-t i .. I I J 1L
-I . I l +.A -4-+ - -4 -- .- F. f. +4-

Position X4  1 K Ii~.J

Figure IV-70. Salutation velocity -X 2 , X3 , X4
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Test Iten - General Dynamics Da to
Mission Adaptive Wing Pre~pared. 8/6/855

Test - Saturation Velocity
Surface - Trailing Edge -Surface Up
Load -Zero Load

Ref L-0
-.------- t, t 100 m /e

A I 4 1 1 1 4 - 1 ' 4 4-

Input Command L,1 N jil,

200 mv/div -- ij,*tii,I IF

4 -4 -4 -- . 44 4- 4-4 1- 4 1 Iý 4. 4.

Left R~otary !i!:!Hki
Potentijometer i

200 mv/div

: ,-qj I i
RgtRotary I

Potentiometer :1
200 mv/divI I~ fl I j~I

I- I I* J 4 -4. 4 4. -4 .4 1 4 4 -4- -1

Surface Position X3 ;ORO; jY
.04 In/div Vi1 Ii

Figure IV-71. Saturation velocity -rotnry potentiometer -X 1,

IV -100



Loade6 1,adlng- Edge Test Results

For two reasons, only limited performance testing was performed on the leading-edge surface under

loaded conditions. The first reason was because the surface loads for which the leading edge was

designed were lower than the trailing edge (based upon the AIAA paper 80-1886R which stated that

the hinge moments were asst id to not be in excess of one-third the trailing-edge hinge moments).

Since 5-psi surface loading was used as the upper limit for the trailing-edge testing, a 2-psi

maximum test load was used for the leading-edge testing. A lower load of 1 psi was also used as a

test load for the leading edge, giving only two test load conditions.

The second reason was because the test results gave poor input-output characteristics. This was

initially diagnosed as a problem with seal friction in the load actuators apparently dominating the

applied load force characteristics of the load actuators and severely affecting the test results.

Therefore, it was decided to truncate the loaded testing of the leading-edge surface and only limited

test data was obtained. Subsequent analysis of the test data and test conditions (after completing all

testing and removing the test section from the MASTR) determined that the test data obtained was

not degraded by load-system characteristics. For example, three load actuators were used with the

leading edge, each actuator loading one of the internal linkage assemblies. Each actuator was

required to contribute 227 pounds of loading force for the 1-psi surface load and 454 pounds of

loading force for the 2-psi surface load. The seal-friction force for the actuators (operating at

3000-psi supply pressure) varied from 15 to 35 pounds over the three actuators. This level of friction

force was sufficiently low to not significantly affect the input-output performance measurements.

In addition, the design vertical-load capability of the linkage (according analysis based upon data

contained in AIAA paper 80-1886R) was 895 pounds at the load actuator attach points. The linkage

design was therefore capable of easily overcoming load friction force levels of 15 to 35 pounds.

The loaded leading-edge test results in the following material are hysteresis, step, and frequency

response measurements at surface loads of I and 2 psi. For the leading-edge linear actuator's

response, only channel 2 of the actuator's LVDT was recorded.

Loaded Leadina-Edge Hysteresis

Figures IV-72 through IV-75 show the 1-percent input hysteresis data taken on the leuding "sge

under the I - and 2-psi load conditions. Note that position X5, farthest away from the linear driving

actuator, has only slight motion with the I-psi load and essentially zero motion with the 2-psi load.
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Position X6, closest to the linear driving actuator, exhibits less hysteresis and still maintains some
motion with the 2-psi load condition. Tables IV-21 and IV-22 list the measured hysteresis for the

two positions and the two load conditions. The test results indicate that the linkage operating

characteristics do not transmit small amplitude motions under the load conditions used. Note that the
hysteresis for each condition is similar, although X6 moves more than XS. This is because of the
hysteresis calculation being "the input change necessary to move a position point in one direction of

motion to the same point in the other direction". For the I-percent hysteresis loops, the motion

points for the measurement calculation occurred only at direction reversal, giving very nearly
100-percent hysteresis for both loads and motion points.

Table IV-21. One-psi loaded leading-edge hysteresis for a I-percent input.

Motion Point % Full Command % of 1% Command

X5 0.98 98.0

X6 0.97 97.0

Table IV-22. Two-psi loaded leading-edge hysteresis for a I-percent input.

Motion Point % Ptill Command % of I% Command

X5  0.99 99.0

X6 0.92 92.0

Loaded Leadina-Edge Freouencv Resoonse

Frequency response of the loaded leading edge was measured with input levels of 3, 5, and 10 percent

of the maximum command input. Figures IV-76 through IV-83 show some of the data recorded for

the frequency response meaurements. Datu for motion points Pa and X6 are shown on the figures

at Input levels of 3 and 10 percent and for a surface load of I psi. This data is representative of that
recorded for other input levels and surface loads. Tables IV-23 and IV-24 list the frequency response

of motion points P2 and X6 for I-and 2-psi loads respectively and the three Input levels.
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Figlure LV-77. Leading-edge actuator - 1-psi load - position P2.
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Figure IV-79. Leading-edge actuator - I-psi load - position X6,
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Figure IV-83. Leading-edge actuator - I-psi load - position X 6 .
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Table IV-23. Loaded leading-edge frequency response - I psi load.

Motion Point Input Level -3 dB Freq. -45' Freq. -90" Freq.
(1)) Max. Com.) (Hz) (Hz) (Hz)

P2  3 10.8 5.2 9.5

X6 3 0.9 0.4 2.0

P2  5 10.4 5.0 9.6

X6 5 3.3 1.0 1.9

P2  10 7.4 3.7 7.5

X 6 10 4.1 1.3 2.7

Table IV-24. Leading-edge loaded frequency response - 2 psi load.

Motion Point Input Level -3 dB Freq. -45e Freq. -90* Freq.
(% Max. Com.) (Hz) (Hz) (Hz)

P2 5 9.8 5.1 9.5

X6 5 1.8 1.1 3,4

IP2  10 7.1 3.7 7.3

X6 10 2,7 2.0 4.3

Note that as shown on Tables IV-23 and IV-24, changes in the load from I psi to 2 psi do not affect

the response of the linear actuator (for the same input level). The degradation in response when the

input level is increased to 10 percent of the maximum command from either 3 or 5 percent is to be

expected. The degradation indicates that flow saturation of the control valve for the actuator is being

reached at the higher frequencies of motion. Compared to the unloaded response measurements, the

frequency response of the linear actuator was not changed by the I- or 2- psi surface loads.
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Note that for the I-psi surfac- load, the frequency respo•ise of motion point X 6 (closest to the linear

actuator) increases with each increase in input amplitude from 3 to 10 percent. This is consistent

with the hysteresis measurements and indicates that the non-linearities of hysteresis (and threshold)

effect the motion at low-level inputs. For the 2-psi surface load, as shown in Table IV-24, the

frequency response of motion point X6 is lower than that measured for a I psi surface load, The

frequency response of motion point X6 increases with an increase in input amplitude from 5 to 10

percent of maximum command.

The loaded frequency response measurements indicate that the leading-edge linkage mechanization

did not transmit well the linear actuator's output motion to the surface position under load for

low-amplitude (less than 10 percent) inputs and at high frequencies.

Loaded Leadin,-Edie Transient Rcsoonse

Figures IV-84 and IV-85 show the step response of position X6 in response to the output of the linear

actuator as measured by P2. The step response command to the actuator was 10 percent of the

maximum command, or nominally 2.2 volts. As shown in these figures, the motion of X6shows some

ratchcting in reaching the final position. Table IV-25 lists the values of transient response for the

surface in terms of the time to start moving after the actuator output starts to move, the time to reach

63 percent of the final value after the surface point starts to move and the time to reach 100 percent

of travel (after the actuator starts to move). The time for the start of motion for actuator outputs P1

and P2 is the time after application of the step input to the control system.
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Test Item: General Dynamics Date Prepared: 7/1/8
Mission Adaptive W~ing

Test: Step Response -P 1, X5
Surface: Leading Edge
Load: 1-psi

AM 1w_ Cleveland. Ohio

............ Input Com~mand

50 mv/div

.. .. .. .. I týý

Moito X5M
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Test Item: General Dynamics Date Prepared: 7/1/85
Mission Adaptive Wing

Test: Step Response - P2, X6
Surface: Leading Edge
Load: 1-psi

Ad C.. cCvea,¶ oho

Input Command

50 mv/div

Position 2

.004 in/div

Position X6

.025 in/div

-... > t - 50 ms/div ---- > t - 50 ma/div

SURFACE UP SURFACE DOWN

Figure IV-US. Step response - 10-percent - 2-psi load - X6'
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Table IV-25. Loaded leading-edge transient step response.

Motion Load Time to Start Time to 63% Time to 100%
Point (psi) Motion of Travel of Travel

(sec) (sec) (sec)

P1  I 0.050 0.110 0,210

X5 I 0.040 0.140 0.300

P2  I 0,050 0.115 0,200

X6 I 0.060 0.150 0.250

P2  2 0,050 0.075

X6 2 0,035 0.033 0,090

Surface Down

Motion Load Tlime to Start Time to 63% Time to 100%
Point (psi) Motion of Travel or Travel

(sec) (sec) (sec)

P1  I 0.050 0.160 0,350

XI 0,020 0.250 0.500

P2  I 0,050 0,175 0.350

X6 I 0,050 0,250 0.510

P2  2 0.085 0,160

X6 2 0.048 0.055 0.105

Note that the a,ne for the sr/aet,' downi motion is greater than the ,urf-ace tip motion because the load

is opposing the down motion and riding the up motion. Also note that the time for the actuator to
re'ach its final position is longer than the time for the surface to reach its final position, This is due

to the eff'cot of the coupling linkage characteristics not transferring nil of the driving actuator motion
to surface motion.
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Loaded Trailing- Edge 'rest Results

Performance measurements on the trailing-edge surface were recorded with applied loads of I, 2 and

3 psi. Performance measurements with a 5-psi surface load were attempted, However, when making

hysteresis measurements at that surface load, the output of the rotary potentiometer indicated that

the gear-box load capacity had been reached. Therefore, testing with a 5-psi surface load was not

conducted. No loaded linearity measurements were made because of stroke limitations on the loading

actuators prevented operating the trailing edge over the full deflection range.

Loaded Trailing-Edge Static Threshold

Figures IV-86 through IV-88 show the data recorded for the I-psi load threshold characteristics for

the trailing edge. Note that on Figure IV-86, the left rotary potentiometer shows a periodic motion

unrelated to the input command. This was caused by a low-amplitude limit cycle of the control

system for the left truss. The limit cycle which developed during the test series evaluation occurred

only at the I-psi loading of the trailing edge, Figure IV-87 shows the start of the motion for

mid-surface points X1 and X,. Note that the left rotary potentiometer shows a mix of the input

command and the limit cyclc motion previously noted on Figure IV-86. Figure IV-88 shows the

simultaneous motion or the rotary and surface points, Notc that surface positions X3 and X, are the

last points to move.

Figures IV-89 through IV-92 show the data recorded for the 3-psi load threshold characteristics or

the trailing edge. As shown in Figure IV-89, the left and right rotary potentiometers move with

about the same input command level. Figures IV-90 and IV-91 show the mid-surface motions of X1

and X2. Note that the limit cycle in the output of the left rotary potentiometer that was previously

observed in the I-psi data is gone. Figure IV-92 shows the edge-motion threshold of the surface,

Note that the input level for start of motion is not much greater than for mid-position motion. This

indicates that the effect or loading is to eliminate free-play in the Irailing-edge truss mechanization.

Table IV-26 lists the static threshold values for the trailing edge. The threshold is grouped by the

surface loads.
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Test Item - General Dynamics Date
Mission Adaptive Wing Prepared: 4/30/87

Test - Static Threshold
Surface -Trailing Edge

Load- I lb/in2

F-
Input Command

I mv/div

Left Rotary Potentiometer
5 mv/div

Right Rotary Potentiometer

1 mv/div

Figure IV-86. Loaded trailing-edge static threshold - 1-psi load - left and right rotary motion.
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Test Item - General Dynamics Date
Mission Adaptive Wing Prepared: 4/30/87

Test - Static Threshold
Surface - Trailing Edge

Load - I lb/in2

Input Command
5 mv/div

Left Rotary
Potentiometer

5 mv/div

Right Rotary

Potentiometer
5 mv/div

Surface
Position XI

Surface

Pition X 2

2 mv/div

Figure IV-87. Loaded trailing-edge static threshold - I-psi load - left and right rotary - X1 and X2

motion.
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Test Itea - General Dynamics Date
Mission Adaptive Wing Prepared: 5/I/87

Test - Static Threshold
Surface - Trailing Edge
Load - I lb/in2, ,t -2 div/,ec

S•~~~~~~~~~~ ail l i t~ lIl i 4A ii ,i |, iii;iiiii

Input Command
5 mv/div

Left Rotary Potentiometer
5 mv/div

Right Rotary Potentiometer
5 mv/div

Surface Position X

2 mv/div

Surface Position X2

2 mv/div

Surface Position X 3
2 mv/div

Surface Position X4

2 mv/div

Figure IV-88. Loaded trailing-edge static threshold - I-psi load - left and right rotary - Xi, X29,

X3, and X 4 motion.
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Test Item - General Dynamics Date
Mission Adaptive Wing Prepared: _ 5/4/87

Test - Static Threshold
Surface - Trailing Edge
Load - 3 lb/in2

Kt
Input Command

I mv/div

Left Rotary Potentiometer
2 mv/div

Right Rotary Potentiometer
2 mv/div

Figure IV-89. Loaded trailing-edge static threshold - 3-,psi load - left and right rotary motion.
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Toot Item - General Dynamics Date 548
Mission Adaptive Wing Prepared: 548

Test - Static Threshold
Surface - Trailing Edge
Load - 3 lb/in2 t 5 i/e

Input Command
5 mv/div

Left Rotary Potentiometer
10 mv/div

Right Rotary Potentiometer
10 mv/div

Surface Position Xi

2 mv/div

Figure IV-90. Loaded trailing-edge static threshold - 3-psi load - X, Motion.
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Test Item - General Dynamics Date

Mission Adaptive W4 ng Prepared: 5/4/87

Test - Static Threshold
Surface - Trailing Edge
Load- 3 b/in 2

Input Command
2 mv/div

Left Rotary Potentiometer
5 mv/div

Right Rotary Potentiometer
5 mv/div

Surface Position X4

2 mv/div

L_
Figure IV-91. Loaded trailing-edge static threshold - 3-psi load - X2 motion.
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Teat Item - General Dynamics Date 5/4/87

Mission Adaptive Wing Prepared:

Test - Static Threshold

Surface - Trailing Edge

Load- 3 lb/in2

Input Command
5 mv/div

Left Rotary Potentiometer
10 mv/div

Right Rotary Potentiometer
10 mv/div

Surface Position X1

2 mv/div

Surface Position X2

2 mv/div

FIgure IV-92. Loaded trailing-edge static threshold - 3-psi load - X3, X motion.
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Table IV-26. Static threshold - loaded trailing-edge.

Load Motion Point Threshold % Max Rate % Max Pitition
(psi) (pk volts) Command Command

1.0 Left Rotary 0.023 0.983 0.403
Potentiometer

Right Rotary 0.005 0.198 0.081
Potentiometer

X1 0.043 1.848 0.758

X2 0.038 1.629 0.668

X3 0.078 3.390 1.390

X4 0.078 3.390 1.390

2.0 Left Rotary 0.005 0.195 0.080
Potentiometer

Right Rotary 0.006 0,239 0.098

Potentiometer

X1 0.050 2.173 0.891

X2 0.055 2.391 0.980

X3 0.075 3.261 1.337

X4 0.075 3.261 1.337

3.0 Left Rotary 0.004 0.173 0.071
Potentiometer

Right Rotary 0.004 0.173 0.071

Potentiometer

X1 0.065 2.826 1.158

X2 0.041 1.783 0.731

X3 0.090 3.913 1.604

X4 0.090 3.913 1.604
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Note that the static threshold as listed in the preceding tables, is not greatly changed with increasing

surface load.

Loaded Trailing-Edge Dynamic Threshold

Figures IV-93 through IV-98 show the data re'ourded for the dynamic threshold measurements of

the trailing edge with 1 psi and 3 psi surface loading. A sinusoidal input of 1.5 Hz was used for the

dynamic threshold measurement and appears on each of the figures. Figure IV-93 for the I psi
load, the left rotary potentiometer output shows the same limit cycle (at nominally 0.2 Hz) that

existed with the same load and the static threshold measurements. The higher surface load of 3 psi

eliminates the limit cycle of the left truss. Table IV-27 lists the dynamic threshold for each of the

motion points and surface loads of 1, 2, 4nd 3 psi.

Note that the dynamic thresholds of the surface positions X1, X2, X3 and X4 are lower are lower for

the 2-psi load than for either the I- or 3-psi load. The surface-position dynamic thresholds are not
greatly changed with increasing surface load. The dynamic threshold of the rotary potentiometers

increases with increasing surface load. Any change in the dynamic threshold of the surface positions

with load can be attributed to the friction loads in the truss which are associated with the surface

load. As shown on Table IV-27, there is less surface threshold for the 3-psi surface loads than for

the I-psi loads. This indicates that the surface loading eliminates free-play from the truss

mechanization and the internal friction forces are low enough to not effect the motion threshold of

the truss.

IV - 129



Test Item - General Dynamics Date
Mission Adaptive Wing Prepared: 5/4/87

Test - Dynamic Threshold
Surface - Trailing Edge
Load - I 1b/in2

Input Command
2 mv/div

Left Rotary Potentiometer
2 mv/div

Right Rotary Potentiometer
2 mv/div

Figure IV-93. Loaded trailing,-edge dynamic threshold - 1-psi load - left and right rotary motion.
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Test Item - General Dynamics Date
Missioa Adaptive Win& Prepared: 5/5/87

Test - Dynamic Threshold
Surface -Trailing Edge

Load - Ilb/in2 tod se

Input Command......... ...
5 mv/div

Left Rotary Potentiometer
5 mv/div

Right Rotary Potentiometer
5 mv/div

Surfaee Position K1

2 mv/div

Surface Position X2

2 utv/div

Figure IV-94. Loaded trailing-edge dynamic threshold - I1-psi load - X1, X, motion.
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Test Item - General Dynamics Date
Mission Adaptive Wing Prepared: 5/5/87

Test - Dynamic Threshold
Surface -Trailing Edge

Load- I lb/in2  t 10 div/sec

Input Command
10 mv/div

Left Rotary Potentiometer
to mv/div

Right. Rotary Potentiometer
10 mv/div

Surface Position X1
2 mv/div

Surface Position X2
2 nw/div

Surface Position X3
2 mv/div

Surface Position X4
2 mv/div

Figure IV-95. Loaded trailing-edge dynamic threshold - I-psi load - X 1, X2 , X3, X4 motion.
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Test Iten - General Dynamics Date 568
Mission Adaptive Win& Prepared: 568

Test - Dynamic Threshold
Surface - Trailing Edge
Load - 3 lb/in2

Input Command
2 mv/div

Left Rotary Potent tometer
2 mv/div

Right Rotary Potentiometer
2 mv/div

Figure IV-96. Loaded trailin&-edge dynamic threshold -3-psi load - left and right rotary motion,
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Test Item - Gener~al Dynamics Date 568
Mission Adaptive Win& PrepAred: 568

Test - Dynamic Threshold
Surface - Trailing Edge
Load - 3 lb/i-n2

Input Command
2 mv/div

Left Rotary Potentiometer
2 mv/div

Right Rotaivy Potentiometer
2 mv/div

Surface Position X
2 mv/div

Surface Position ....

2 mv/div

Figure IV-97. Loaded trailing-edge dynamic threshold - 3-psi load - X1, X, motion.
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Test Item - General Dynamics Date

Mission Adaptive Wing Prepared: 5/6/87

Test - Dynamic Threshold
Surface - Trailing Edge
Load- 3 lb/in --- t -20 div/sec

Input Commaad
5 mv/div

Left Rotary Potentiometer
to mv/div

Right Rotary Potentiometer
10 uW,/div

Surface Position X3

2 mv/div

Surface POgition X6

2 mv/div

Figure IV-93. Loaded trailing-edge dynamic threshold - 3-psl load - X3 and X4 motion.
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Table IV-27. Dynamic threshold - loaded trailing edge.

Load Motion Point Threshold % Max Rate % Max Position
(psi) (pk volts) Command Command

1.0 Left Rotary 0.007 0.304 0.125
Potentiometer

Right Rotary 0.007 0.104 0.125
Potentiometer

X1 0.067 2.934 1.203

X2 0.077 3.360 1.381

X3 0.120 5.217 2.139

X4 0.115 j.000 2.049

2.0 Left Rotary 0.008 0.369 0.152
Potentiometer

Right Rotary 0.012 0.503 0.206
Potentiometer

X1 0.009 0.414 0.170

X2 0.015 0.654 0.268

X3 0.043 1.853 0,760

X4 0.048 2.073 0.850

3.0 Left Rotary 0.017 0.741 0.304
Potentiometer

Right Rotary 0.018 0.785 0.322
Potentiometer

X1 0.022 0.961 0.394

X2 0.024 1.046 0.429

X3 0.110 4.805 1.970

X4 0.097 4.244 1.740
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Loaded Trailing-Edse Hysteresis

Figures IV-99 through IV-98 show hysteresis data recorded on the trailing-edge surfoce loaded to

2 psi. This data is representative of the trailing-edge data at other input levels and loads. Tables

IV-28 through IV-30 list the hysteresis measured on the trailing edge with different loads and at

different input levels. Table IV-28 lists the hysteresis for 3-percent input command and loads of 2

and 3 psi. Table IV-29 lists the hysteresis with a 5-percent input and a surface load of I psi. Table

IV-30 lists the hysteresis measured with I- and 2-psi loads and a 10-percent input level.

Table IV-28. Trailing-edge hysteresis - 3-percent command input.

Load Motion Point Hysteresis * Max Rate % Max Position
(psi) (volts) Command Command

2.0 Left Rotary 0,018 0.391 0.160
Potentiometer

Right Rotary 0.016 0.348 0.143

Potentiometer

X1 0.021 0,456 0.187

X2 0.045 0.978 0.401

X3 0.155 3.369 1.381

X4 0.200 4.347 1.782

3.0 Left Rotary 0.013 0.286 0.115
Putentiometer

Right Rotary 0.008 0.173 0.071
Potentiometer

X1 0.013 0.282 0.115

X2 0.030 0.652 0.267

X3 0.020 0.434 0.178

X4 0.054 1.174 0.481
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SURFACE POSITION X1 0.10 volts/inch

Figure IV-1O1. Loaded trailing-edge hystorebis - 2-psi load - X1motion.
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Figure IV-102. Loaded trailing-edge hysteresis - 2-pal load - X, motion.
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-0.50 -0.25 0 +0.25 +10.50

SURFACE POSITION X- 0.25 volts/inch

Figure IV-103. Loaded trailing-edge hysteresis - 2-psi load - Xmotion.
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SURFACK POSITION X4 - 0.25 volts/inch

Figure IV-l04. Loaded trailing-edge hysteresis - 2-pol load - X3 Motion,
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Table IV-29. Trailing-edge hysteresis - 5-percent command.

Load Motion Point Hysteresis % Max Rate % Max Posh ion
(psi) (volts) Command Command

1.0 Left Rotary 0.081 1.761 0.722
Potentiometer

Right Rotary 0.020 0.434 0.178
Potentiometer

X1 0.044 0.956 0.392

X2 0.038 0.826 0.388

X3 0.155 3.369 1.382

X4 0.172 3.739 1.533

Table IV-30. Trailing edge hysteresis, 10-percent command.

Load Motion Point Hysteresis % Max Rate % Max Position
(psi) (volts) Command Command

1.0 Left Rotary 0.028 0.608 0.249
Potentiometer

Right Rotary 0.038 0.826 0.339
Potentiometer

X1  0.018 0.391 0.160

X2 0.039 0.847 0.347

X3 0.145 3.152 1.292

X4 0.195 4.239 1.738

2.0 Left Rotary 0.033 0.717 0.294
Potentiometer

Right Rotary 0.035 0.761 0.312
Potentiometer

X1 0.056 1.217 0.499

X2 0.068 1.478 0.606

Xs 0.338 7.348 3.012

X4 0.275 5.978 2,451
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Note that for small input commands of 3 percent and 2-psi load, the hysteresis at the tip of the

trailing edge (motions X3 and X4) is over 45 percent of the input command. However, at 3-psi

surface loading, the hysteresis decreases to less than 16 percent of the input command, indicating that

increased loading improves the small signal motion transmission of the truss.

Loaded Trailing-Edge Freauency Resoonse

Frequency response measurements were made at both 5- and 10-percent input command and loads

of I and 2 psi. Figures IV-105 through IV- 108 are representative samples of the data recorded for

the loaded trailing-edge frequency response. Tables IV-31 and IV-32 list the frequency response in

terms of the frequency at which - 3 dB occurs in the amplitude ratio and the frequencies at which

- 45" and - 90* phase angles occur.

Table IV-31. Loaded trailing-edge frequency response at 5-percent command.

Load Motion Point -3 dB Freq. -45" Freq. -90' Freq.
(psi) (Hz) (Hz) (Hz)

1.0 Left Rotary 3.00 1.95 4.50

Potentiometer

X1 1.176 0.867 2.44

X 3  0.822 0.682 1.688

Right Rotary 4.49 1.95 3.90
Potentiometer

X2 1.737 0.664 1,399

X4 1.412 0.589 1.299

2.0 Left Rotary 3.46 1.393 3.253

Potentiometer

X1 2.00 1.061 2.777

X3 1.209 0.563 1.336

Right Rotary 4.00 1.487 3.000
Potentiometer

X2 2.743 0.734 1.597

X4 1.699 0.821 1.632
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Figlure IV-106. Trailling-edgle actuator - ]-psilIoad - position X2.
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Figure IV-107, Trailing-edge actuator - I-psi load - position X..
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Table IV-32. Loaded trailing-edge frequency response at 10-percent command.

Load Motion - 3 dB Freq. -45" Phase Freq. -90' Phase Freq.
(psi) Point (Hz) (Hz) (Hz)

1.0 Left Rotary 3.717 1.742 3.751

Potentiometer

X1  2.535 1.117 2.266

X3 1.883 0.851 1.941

Right Rotary 4.500 1.905 3 611
Potentiometer

X2 3.086 1.005 1.974

X 4  1.985 0.852 1.924

2.0 Left Rotary 3.054 1.441 2.961

Potentiometer

X 2.156 1,033 2.471

X3 1.628 0.803 1.608

Right Rotary 3.699 1.470 2.983
Potentiometer

X 2  2.620 0.882 1.869

X 4  1.683 0.837 1.947

Loaded Trailin EdH& Ste) Response

Table IV-33 is a listing of the results of the test response measurements on the loaded trailing-edge

surface. A 10-percent-of-maximum-command input was used for the step amplitude. The three

loads of 1, 2 and 3 psi were used for the surface loading. Figures IV-109 and IV- 110 (showirng the

step response for the I-psi load) are representative samples of the data recorded for the load3d

trailing-edge. As listed in the table, two time values are used to describe the step response. The first

time value is the time for movement of the particular motion point to start after application of the

step response to the treiling-edge control system. This time delay include3 tho time delay of the

series actuators used to control the valve for the' trailing-edge hydraulic motors. The second time

value is the time for the motion puint to reach 63 percent of the final value after motion starts.

IV - 150



Test Item: General Dynamics Date Prepared: 9/1/85
Mission Adaptive Wing

Test: Step Response - X1, X3
Surface: Trailinp Edge
Load: 1 lb/in

i Ip i 4 i i

Input Command

50 mv/div

Left Rotary
Potentiometer

20 mv/div

Surface
Position X1

.005 in/div

Surface
PositionX

.005 in/div

> t 50 ms/div ---- > t 50 mm/div

Figure IV-109. Step response - X1, Xy
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Test Item: General Dynamics Date Prepared: ___/Pt.
Mission Adaptive Wing

Test: Step Response - X2, X4
Surface: Trailiny Edge
Load: 1 lb/in

Input Command

50 mv/div

Right Rotary
Potentiometeri 20 mv/div

Surface Position X2

.005 in/div

Surface Position X4

.005 in/div

.. >t -20 ms/div ---- > t -20 nm/div

FIgure NV-1O. Step response - X2, X4.
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Table IV-33. Loaded trailing-edge step response.

L oad Mot ion Ti me 63% 1'inle 63%
(ps) 0 Point [,QI'l y Travel Delay Travel

(Ills) (ins) (ins) (ins)

.0Left Rotary 30 120 40 80

Potentiometer

xi40 130 40 79

X370 100 60 80

Right Rotary 20 90 30 90
Potentiometer

X225 70 30 70

X440 100 40 110

2.0 Left Rotary 30 180 40 145

Potentiometer

X130 2,00 70 170

X 3  160 160 120 160

Right Rotary 35 140 60 175
Potentiometer

x240 110 70) 140

X4  50 110 90 180

3.0 Left Rotary 45 112 42 105

Potentiometer

X145 65 44 70

X3  58 85 55 70

Right Rotary 30 93 33 110
Potendoriomter

X230 60 35 80

X440 60 40 85
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The general effect of the load on the step response of' the trailing edge is to reduce the time delay

and time to final position for up surface motion and to increase the times for down, surface motion.

However, the times are still similar to the unloaded trailing-edge surface response in magnitude,

indicating that the surface load is well within the capablity of the truss driving force. The effect of

tile 3-psi surface load was to decrease the step response times compared to the 2-psi surface load.

This suggests that the 3-psi surface load eliminates any compliance associated with cleuirances in

the truss better than the 2-psi surface load. The step response with 3-psi surface load is similar to

the I-psi surface load.
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IV. CONSIDERATIONS AND ANOMALIES

General

As mentioned in the previous material, there were two apparent design deficiencies of the MAWS
mechanization which were discovered during the evaluation of the test section. One was the load
capacity of the gear boxes used to drive the trailing edge. The second was the design of the
universal joints used in the trailing edge. Both deficiencies could be easily corrected on any future
design using the mechanization.

The gear-box load capacity limited the test load evaluation of the trailing edge. The universal joints
failed during initiak testing and were replaced by a DCI design for the test evaluation. After the
universal joints in the trailing edge were replaced with a modified design, both unloaded and loaded
testing of the test section were re-run.

Gear-Box Load Capacity Limitation

The load limitation of the gear boxes used to drive the trailing-edge variable-geometry trusses was
discovered when hysteresis measurements were conducted on the trailing-edge surface with 5-psi
loads, Figures IV-1 ll and IV- 112 show two hysteresis measurements with a 10-percent input and
5-psi surface load. The hysteresis of the right and left rotary potentiometer outputs are shown on
these figures. Note that on Figure IV- 111, the output of the left rotary potentiometer shows the
output shaft motion of the gear box stopping motion and then jumping to a new position. During
testing, this jump produced a loud, snapping sound. As shown in Figure IV- 112, the motion of the
right gear exhibits a similar characteristics with the output shaft stopping movement with input
command. Since the motion of the surface with a 10-percent input was only over a limited range and
the output of the gear box moved over part of the input range against a constant load, it did not
appear that a stall limit on the force output was causing the loss of output motion. It appeared the
gear separation within the gear box was occurring, causing the loss of motion and the jump
phenomena. If so, then a larger capacity gear box would solve the problem.

Universal Joint Failure and Correction

During initial testing of the test section in the MASTR with static load applications of 0 to 5 psi In
increments of I psi to the trailing edge, it was observed that a pin of the left-arm Bay 1 U-joint had
sheared (and fallen out). The left arm was disassembled and it was discovered that a pin had also
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sheared in the Bay-2-to-Bay-3 U-joint. Figure IV-1 13 show the U-joint design used in the MAWS

test section. The pins for the cross are screwed into the center section of the cross. Examination of

the design showed that the pins were not supported in the center section on the shoulder above the

threads on the pin. The pins that broke failed at a point between the threaded section and the rest

of the pin. This failure mode was consistent with pin operating as a cantilever and the thread acting

as a stress riser. Also noted in the figure was the extrusion and wear of the bearing material which

created increased clearances in the U-joint. Although the right arm had not failed, it was also

disassembled and modified in order to reduce its free-play and prevent a future failure similar to that

of the left truss.

To minimize free-play and eliminate further failure of the U-joints, a modified design, as shown in

Figure IV- 114, was used. As shown on this figure, the design of the new U-joints eliminated the

screw threads entirely and the reduction in diameter for the threads. The material selected for the

new U-joint pins and yoke was VascoMax C-300, a high-strength steel produced by. Teledyne Vasco

Company of Latrobe, Pennsylvania. The material has a yield strength of 290,000 psi and a fatigue

strength (for 100 million cycles) of 125,000 psi after heat treating.

The fabric-lined bushings that the pins operated against were also replaced. The material used was

Ampco 20, an aluminum-bronze material which has a high hardness and non-galling properties when

used as a bearing material. Ampco 20 has a yield strength of 40,000 psi.

In order to minimize free-play and obtain good press-fit conditions for the new U-joints, the

VascoMax C-300 pins were heat-treated and then centerless ground to a final dimension. The

VascoMax C-300 yokes were heat-treated, surface ground (to obtain flat, square surfaces) and then

jig ground for a medium press-fit of the pins. The Ampco 20 bushings were machined and pressed

into the shell before a final reaming to a close clearance fit (within .001 in diameteral clearance)

with the pins.

To assemble the U-joints, the yokes were installed their respective mating parts and the pins pressed

in through the bushings. As shown in Figure IV- 114, two short pins and one long through-pin were

used. After assembly, holes were drilled through the pins and yoke to install roll pins (in order to

lock the assembly together).

No further problems with the U-joints were encountered and the free-play with the new bushings

and pins was less than with the original U-joints.

IV - 158



410
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Figure IV-114, Modified U-joint design.
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V. CONCLUSIONS AND RECOMMENDATIONS

The mechanization of the test section demonstrated that reshaping of n wing section with a flexible

leading and trailing edge is practical. The linkage method for (lie leading and trailing edge

introduced the effect of' hysteresis and free-play into the surface motion characteristics, Loading

the surface (as would normally occur with aerodynamic loads) minimized the free-play effects on the

surface. The frequency response of both the leading and trailing edge met the nominal response

requirement goals (both for loaded and unloaded test conditions).

The lending edge output to input performance characteristics degraded under the load conditions for

small input-signal characteristics, This would appear to be an expected effect, since transmitting

small motions through linkage over any distance is difficult, particularly under loads and with flight-

weight hardware. If small amplitude-signal performance is critical, then the leading-edge linkage

clearances and stiffness could be appropriately changed.

The anomalies encountered in the loaded testing indicate that some design improvement of the

trailing edge gear boxes (for load capacity) and U-joints (for reliability) would be required before

flight use.

The mechanizations for coupling the hydraulic actuator (or motors and gear box) are critical to the

operation of the mechanization, both for performance and reliability, It is recommended that loaded

testing be a requirement for evaluating any similar mechanization for reshaping a continuous

aerodynamic surface. Unloaded testing can not adequately evaluate this type of control surface

actuation concept,
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SECTION V

FLUTTER SUPPRESSION - PHASE Ill

I. INTRODUCTION AND SUMMARY

The objective of this effort was to produce and evaluate a actuator which used electronic load-
pressure sensing to change the output impedance of the actuator over a selected frequency band,
Changing the output impedance of a hydraulic actuator potentially can be used to suppress classical
slab-surface flutter. A demonstration actuator was sized to evaluate the impedance change capability
over a frequency range wide enough to potentially meet current and future aircraft slab-surface
flutter suppression requirements.

The phenomenon of' slab control surface flutter is an aeroelastic, self-excited vibrntion in which
aiirstream energy is ubsolbed by tihe lifting surface, The flutter motion consists of both bending and
torsional components characterized by a unique frequency of simple harmonic oscillation, IF either
tihe bending or torsional component is suppressed, classical flutter will not occur, The slab surface's
torsional motion is primarily determined by the spring rate of the actuator controlling the surface and

hie rotational inertia of the surface, Normally, the torsion resonant frequency is lightly damped. By
changing the dampihg of the torsional mnode to a damping ratio greater than critical, torsional motion
at torsional resonance is suppressed. This damping can be accomplished by using load pressure
Feedback to change the impedance of the control actuator at the torsional resonant frequency.

The normal technique used for slab-surface Flutter avoidance is to raise the torsional resonant
Frequency by increasing the stiffness of' the corltol actuator. The stiffness increase is accomplished
by increasing the actuator drive urea, creating an actuator that his a higher output force (and flow
demand) than that required by the aircraft for maneuvering.

There is a trend towards using higher system pressures in aircraft hydraulic systems, Iligher system
pressure allows using smaller actuators with smaller drive areas. This is in conflict with the using
drive area increases for increasing actuator stiffness to avoid flutter. The impedance modiFication
technique has a good potential payoff' by allowing the use of slab surface control actu:,tors sized for
hinge moment requirements, rather than being oversized for flutter avoidance, By example, the
orntido aircraft uses a hydioniechanical load-pressure feedback mechanization in its horizontal tail

actuator For actuator output impedance modiFication.
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The following material in this report section describes the design and test of a non-redundant, fly-

by-wire actuator which incorporates electrical load pressure feedback to change the output impedance

of the actuator. The recorded test data indicates that the output inipcdance of an actuator can be

modified over a limited frequency range. The limitation in range of the modification is primarily

due to the frequency response of the servovalve used to control the actuator.

II. TECHNICAL APPROACH

General Technical Approach

Dynamic Controls, Inc. during previous contract work for the US Air Force, constructed and tested

a iiydromechanical device tl'at modified the impedance of an F-4 stabilator actuator. The technical

reports for that contract work are AFFDL-TR-79-3117, Volume I and AFFIDI.-TR-75-29. The

investigation described in this report was directed at evaluating whether electronic load pressure

sensing and feedback would produce equivalent or better damping performance in a smaller and

potentially less expensive package. For this investigation, the hardware of an F-4 stabilator actiator

was not used directly. Application of electronic load feedback requires using a fly-by-wire actuator

(commanded by electrical input signals). The F-4 stabilator actuator is a mechanical input actuator

with limited-authority stability-augmentation and autopilot operation incorporated on the actuator,

The F-4 actuator is also a tandem actuator with two actuator drive areas. The use of two drive areas

requires synchronization of the control valving for the two sections in order to prevent a force light,

In converting an F-4 stabilator actuator to a fly-by-wire configuration, synchronization of the

control valving for the tandem actuator would require using either a tandem power spool driven by

a high response pilot-servovalve, a high response secondary actuator driving a tandem power pilot-

spool, a high response direct-drive valve, or two high response servovalves with electronic force fight

compensation. Incorporating these changes into an F-4 stabilator actuator in order to directly use it

for the evaluation would have made the hardware more complicated and expensive while not aiding

the purpose of the investigation. Therefore, a commercial actuator and control valve were used for

the investigation, The single drive area actuator and servovalve eliminated the synchronization

problem for the investigation hardware.

"The drive area and stroke of the test actuator were selected to be similar to one section of the F-4

stabilator actuator. A high response servovalve (manufactured by DYVAL) was used. The servovalve

had a nominal response at full amplitude of the 60 liz (900 phase lag). A commercial actuator

(manufactured by The Sheaffer Corporation) was modified to mount the high response valve on ain

adlapter ninnifold and to use aerospace rod seals to reduce the actuator seal friction. The act u:Itor
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incorporated pressure-trarisducer mounting provisions so the pressures in the cylinder could be

measured. TIhe actuator incorporated rod-end bearings at both ends and was an equal area actuator.

Position of the test actuator was measured by a precision position potentiometer (manufactured by

the Waters Corporation) mounted parallel to the centerline of the actuator rod. Figure V- I shows the

test actuator, manifold, and servovalve assembly.

To use load-pressure feedback, the control electronics incorporated a variable bandpass filter in series

with the load-pressure electrical signals. The control electronics incorporated a driving

servoamplifier for the high-response valve and a position feedback summing amplifier for the

position loop closure for the actuator. Signal conditioning for the pressure transducers used for

feedback of the load-pressure war also incorporated into the control electronics.

Specific Technical Approach

The impedance characteristics necessary for flutte, suppression were calculated from the equations

for a second-order spring-mass system with damping. These calculations were made by DCI on prior

programs and appear in the publication AFFDL-TR-75-29, pages 123 through 160.

The normal F-4 stabilator actuator (sized by flutter requirements) has a drive area of 6.0 square

inches r each half of the tandem actuator. The drive area required by the stabilator for

maneuvering the aircraft is 3.44 in 2 , or 57 percent of the area for the normal actuator. The torsional

resonant frequency of the stabilitor slab surface with both halves of the normal actuator operating

is 23 HOz.

Test measurements of the normal actitator show that at frequencies above 1.5 Hz, the actuator

stiffness is approximately 200,000 lbs,/in.b Test measurements for a modified stabilator actuator

having 3.44 square inch drive areas and a hpf-stabilator surface (one half had been cut away,

reducing the rotational inertia by nominally 50 percent) showed a torsional rfisonance frequency of

nominally 20 Hz.C This agreed fairly well with the 17.4 Hz frequency calculated by using the

stiffness reduction of the modified actuator in combination with the inertia reduction corresponding

OAFFD-TR-71-20, Supplement 2, pages 217 and 218.

bAFFDI,-TR.-72-13, page 190.

CAFFDL-TR-79-3117, page 39.
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to a half -stabilator surface. The calculated torsional resonant frequency of a full stabilator surface

when operating with one-half of the reduced drive area actuator is 12.3 Hz.d

As described in AFFIDL-TR-75-29, pages 142 and 143, providing an orifice across the actuator

piston will suppress (damp) the amplitude of motion at the torsional resonant frequency. The inertia

of the stabilator surface as presented to the actuator is nominally 19.15 lbs-sec2/in, based upon the

measured stiffness of the normal F-4 stabilator actuator and the resonant frequency of 23 tlz,. To

provide a damping ratio of 1.0 (critical damping with no peaking) with a single 3,44 in2 drive area

actuator and the load inertia of 19.15 lbs-sec2/in, the load pressure feedback loop must provide a

damping flow of 0.016 in 3 /sec/lb/in 2 at the resonant frequenry of 12.3 Hz. Note that the damping

flow required for critical damping decreases linearly with increasing frequency,

Using electronic feedback of' the load pressure to change the impedance of a control actuator requires

the servovalve controlling the actuator to have minimum phase shift and a flat amplitude response

over the frequency range in which impedance modification is to be accomplished. For the F-4

stabilator example used for sizing the evaluation hardware, impedance modification in the range of

12 I-z to 25 Hz is desirable. The servovalve selected for the evaluation effort was a Model 12

DYVAL servovalve flow rated at IS GPM with a pressure drop of 1000 psi. The valve was ordered
with 80 ohm coils which required 75 ma for maximum flow (with the coils connected in series).

According to the manufacturer's data sheet, the frequency response of the valve at maximum rated

input current is attenuated by 3 dB at 50 IHz (relative to 0 dB at I liz) and exhibits - 900 phase shift

at 60 Hz. The frequency response of this valve (which has an output flow representative of a

medium-flow aerospace valve) is representative of high response aerospace valves with similar flow

ratings. The response is also rated at maximum input current, while many valves are response-rated

at input levels of 10 to 25 percent of maximum and exhibit a reduced response at larger input levels.

The actuator used for the evaluation hardware was an "4-1-1" series double-ended Sheaffer actuator

rated for 3000 psi service. The actuator had a bore diameter of 2,5 inches, a rod diameter of 1.5

inches and a stroke of II inches. The bore and rod diameters defined a drive area of 4,12 in2 ,

slightly larger than the 3.44 in2 required for F-4 stabilator maneuvering requirements with one half

of the actuator operating. The stroke of the actuator, at II inches, was 0.5 inches longer than the

stroke of a normal F-4 stabilator actuator. These deviations from the modified F-4 drive area and

stroke previously used were made in order to use standard commercial hardware sizes wherever

dAFFDL-'FR-75-29, page 142.
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Phase Angle

Series Coil Parallel Coil Parallel Coil
Voltage Driver Voltage Driver Current Driver

Frequency
In Hz

10 - 37.7 -33.6" -12.1"

30 - 93.5o -82.90 -30.8'

50 - 121.4" -111.8 -48.5'

The following observations can be made from this data:

i. Parallel coil operation gives slightly less phase shift than series operation.

2. The use of a current driver provides a significant reduction in the phase shift of the
control valve.

A parallel-coil current driver for the servovalve was used in the control electronics for the impedance
modification evaluation, since that driver gave the least ,hase shift.

Figure V-3 shows the front panel of the Flutter Suppression Controller used for the investigation.
The control electronics incorporated ten-turn dial potentiometers and test jacks on the front panel.
Four separate control sections were provided as follows:

1. Command

2. Position
3. Differential Pressure

4. Bandpass Filter

The four sections were designed to be connected together using the input and output jacks on the
front panel. No internal interconnection between sections was provided.

The command section was constructed with four input jacks and a signal ground jack, Two
potentiometers were used, one to apply a DC bias input voltage as a command and one to adjust the
gain of the forward loop by attenuating the signal input to the servovalve current driver. A small
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test jack to monitor the bias input voltage was provided on the front panel just below the bias

potentiometer dial.

The position section was constructed with two output jacks and a signal ground jack. The two output
jacks provided signals which were the complement of each other. Two potentiometers were used,

one to provide a DC bias for the position output and the other to provide a variable gain between the
input and output of the position section. A small test jack located just below the bias potentiometer

dial was used to monitor the bias voltage.

The differential pressure section was constructed with a complementary pair of output jacks (for

convenient signal polarity reversal) and a signal ground jack. The dial potentiometer was used to

vary the gain of section. Two screwdriver adjustable panel potentiometers were located just below

the differential pressure gain dial. Those potentiometers were used to adjust the gain of the signal

conditioning electronics for the individual pressure transducers used to create the differential
pressure output signal. The small test jacks labeled bias and located immediately below the

scrcwdriver adjustable panel potentiometers were used to monitor the output of individual pressure

transducer electronics (before the outputs were summed to create a differential pressure output

signal).

The bandpass filter section was designed with a single input and output jack. Filter slopes of 6

dB/octave were used for the test evaluation (although the Internal design of the filter board allowed
the option of using 12 db/octave slopes). Three front panel potentiometers allowed adjusting the two
break frequencies of the bandpass filter and the gain of the filter section. A small test jack located

between the two break frequency potentiometers provided a measurement point for the signal level

between the low pass and high pass electronics of the tilter section.

Figure V-4 shows the roar panel of the Flutter Suppression Controller. Three separate connectors
were used for coupling the controller to the actuator. For the servovalve and position transducer a

four pin connector was used. The position transducer required both a plus and minus voltage line

and a wiper output line. The connector on the servovalve also used four pins, two for each of the

torque motor armature coils. Parallel operation of the armature coils was implemented by

Interconnecting the coils at the controller connector. The differential pressure connector used ten

pins. The Kulite pressure transducers were a bridge configuration, requiring four electrical
connections for each transducer. The three unlabeled test jacks located above the connectors were

connected to the positive, negative and ground connections of the controller's internal power supply.
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The rear panel also incorporated the on-off switch and power line fuse for the controller. The

power on indicator was mounted on the front panel of the controller.

Figure V-5 is a simplified and linearized block diagram of the Flutter Suppression actuator. With

no load force (FL), the control loop is a conventional electrohydraulic position system. The effect of

the load force is to reduce the flow to the integrating actuator from the servovalve. This reduction

is both a steady state and dynamic effect. The steady state effect is a reduction of the flow to move

the actuator because of leakage. This load pressure sensitivity is represented by the term K2. The

effect of the load force reducing the differential pressure across the servovalve (which causes a

reduction of the valve's output flow) is ignored in order to linearize the model. This assumption

does not induce large errors if the differential load pressures are much less than the differential

supply pressure across the servovalve (within the constraint of PL < 2/3 Ps). The dynamic effect of

the load pressure is due to the complianqe of the fluid in the actuator and depends on the rate of

change of the load pressure. The effect is to reduce the dynamic flow gain of the servovalve

(particularly when the load is a function of the actuator motion).

The load pressure loop shown in Figure V-5 is a positive feedback loop. The bandpass filter in series

with the differential pressure signal across the actuator's drive area is a lead over a double lag filter.

This filter blocks the low frequency effects of feeding back load pressure so that the static stiffness

and steady state position accuracy of the position control loop are not effected.

Ill. TEST PROCEDURE

To evaluate the operation of the test actuator and coutrol electronics, the actuator was mounted in

the General Purpose Actuator Test Rig (GPATR) located in the Actuation Laboratory, Area B,

Building 145, WPAFB. The GPATR can generate a loading force of 82,000 lbs and has a maximum

unloaded slew rate of 107 inches per second. For the tests conducted on the flutter suppression

actuator, the load system was configured to generate a maximum force of 41.000 lbs. With this

configuration, at 2/3 of the maximum force available force (with 2000 psI differential pressure

across the load actuator drive area), the available slew rate was 62 Inches/second. Figure V-6 shows

the GPATR with flutter suppression actuator mounted In test actuator position and the Flutter

Suppression Controller connected to the actuator.

Evaluation of the flutter suppression actuator was divided into eight Peparate tests. The first four

tests were conducted to establish and document correct operation of the load system and test actuator

combination. The last four tests were made to evaluate and document the effectiveness of using load
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pressure feedback on the test actuator. For all tests, an HP 5423 Digital Response Analyzer was

used to make response measurements. The seven tests run were the following:

Test Seouence Descripion

A Position frequency response of the flutter actuator coupled to the luad
actuator with the load actuator bypassed.

B Force frequency response of the GPATR load actuator against the
flutter actuator with the flutter actuator commaiided to hold a steady
state position.

C Position frequency response of the flutter actuator coupled to the load

actuator with the load actuator commanded to zero load.

D Differential pressure/load force frequency response,

E Flutter actuator stiffness with no load pressure feedback.

F Flutter actuator stiffness with load pressure feedback without the
bandpass filter.

G Frequency response of bandpass filter - final settings.

Hi Flutter actuator stiffness with load pressure feedback with the bandpass
filter and different feedback gains,

Test A was run to establish the position response of the flutter actuator as adjusted for the test

sequence, Two frequency ranges were used for the measurement, A 0-50 Hz frequency response.

measurement was made to document the actuator's position response capability over the frequency

range in which the effect of load pressure feedback was expected to be effective. A 0-12 Hz

frequency response measurement was also made to verify that the position loop gain of the test

actuator had been set to match the nominal response of the F-4 stabilator actuator (-3 dB at 1,5 Hz).

Test B was run to document the load pressure response of the GPATR when applying a load to the

flutter suppression actuator. For this test, the flutter suppression actuator was commanded to a

mid-stroke position, The load actuator response at 12 percent of full scale (5000 Ibs peak) was run

over the 0-50 Hlz frequency range. The purpose of this test was to verify that the GPATR load

system could maintain a sufficiently large applied load over the frequency range of interest.

Test C was conducted to document the effect of the dynamic limitations of the loading system onl the

position response of the flutter actuator. For this test the load actuator was commanded to maintain

:vro load. The flutter actuator position response to a sinusoidal input was then recorded. Differences

in the frequency response between this test and the results of 'rest A show the effect of the loading

system dynamics on the flutter actuator response,
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Test D was conducted to document the relationship between the load force applied to the flutter

actuator and the output of the signal conditioning electronics used with the pressure transducers.

Test E measured the basic stiffness of the flutter suppression actuator without load pressure feedback.

For this test, the flutter suppression actuator was commanded to hold a fixed position and the load

actuator used to apply a force to the flutter suppression actuator. The ratio of force to deflection

as a function of frequency was recorded over the frequency range of 0-50 Hz.

Test F measured the stiffness of the flutter suppression actuator with load pressure feedback and no

bandpass filter. For this test, the pressure feedback gain was set considerably below where instability

occurred. The purpose of this test was to evaluate the general effect of the load pressure feedback

without the bandpass filter operating.

Test G was run to document the frequency response characteristics of the final configuration of th,

bandpass filter. The response of the filter from 0-50 Ilz was recorded.

"Tests Ft were run to document the performance or the complete configuration with loud pressure

feedback and the bandpass filter operating. The frequency range of 0-50 Iz was used for the

response measurements. The force to deflection ratio was recorded over the 0-50 lIz range for three.

different feedback gain values. The highest gain used was as high as possible while maintaining

stable operation of the actmator,

Figure V-7 is a closeup view of the flutter suppression actuator in the GPATR test rig. Note that

the actuator was mounted as a moving body actuator in order to connect the rod end of the actuator

to the sliding slug retained by a shear pin, If excess force were applied to the flutter actuator and

the shear pin severed, any movement of the suppression actuator within the stroke limits of the load

actuator would not damage the flutter suppression actuator.

IV. TEST RESULTS AND ANALYSIS

Figures V-8, V-9, V-10 and V-lI show the flutter actuator's position response for a 2-percent

command input amplitude, Figure V-8 is a magnitude plot over the fretueoncy range o" 0 to 50 lIz

and Figure V-9 is the corresponding phase angle plot. The cursors on Figure V-8 indicate that the

magnitude is 3 dB down at 1.7 Hz. The cursors on Figure V-9 show thimt the phase angle of' - 90"

occurs at 6.5 Hz. Note that the magnitude falls off smoothly above 1.7 H-z and the phase angle of'

the actuator approaches - 1800 at 5o liz. Frigures V-10 and V-1 I present the same measurement over
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TEST DATA

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position loop coupled to load actuator,
depressurized and bypassed

TEST: 2% FS - Frequency Response to 50 Hz

X#. I5412 Y8 -f 151 Ye -ft 10
TRANS RA 1 *Ao 29

PHASE

L HZ 5L M

Figure V-9. Position response - phase - 50 Hz.
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TESTATA

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position loop coupled to load actuator,
depressurized and bypassed

TEST: 2% FS - Frequency Response to 12.5 Hz

1u. 5412 Y1 -3.Uwe Y8 BU2 AYs 8W2
TRANS Rh 12 #As 23

0 dB = 1.0 inch/volt

-20. WS ,,,

U.S• 12.1

Figure V-10. Position response - magnitude - 12 Hz.
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=TDATA

DATE: 10 APR 86

TEST ITEM: GPATR Load Actuator

CONFIGURATION: Force loop, 5000 lbs compressive load bias

TEST: 2% FS - Frequency Response (+ 5000 lbs)

XL . 0B Yk, -90. log Yet-QL lee

TRANS Rh 12 2Am 2

MHSE

-1SIl I

LI NZ ILM

Figure V-1I. Position response - phase - 12 Hz.
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a more limited frequency range of 0 to 12 Hz for better resolution of the low frequency

characteristics. The - 3 dB point on the magnitude curve of Figure V-10 occurs at 1.5 Hz and the

- 90" phase angle of Figure V- 11 occurs at 6.0 Hz. This frequency response compares well with the

measured response of an F-4 actuator!t

Figures V-12 and V-13 show the force response of the load actuator over frequency range of 0-50

Hz. A 5000 lb compressive load was maintained for this measurement (and for the actuator stiffness

measurements run in the later tests). This steady state lo'..• was used to eliminate any effect from

the bearing clearances of the rod end bearings used with the flutter suppression actuator. Therefore,

0 dB on Figure V- 12 corresponds to 10,000 lb/volt (5000 lb compressive load ± 5000 lb sinusoidal

load). Note that the amplitude is attenuated by 3 dB at 26 Hz (to ± 3535 Ib) and 7.5 dB at 50 Hz (to

± 2103 Ibs). The phase angle of the applied load as shown in Figure V-13 corresponds to the gradual

attenuation of the amplitude ratio over the 0-50 Hz frequency range. These results show that while

driving the flutter actuator, the load system can generate sufficient force from 0-50 Hz to accurately

measure the actuator stiffness. Note that for the force-to-deflection measurement, there is no

requirement for a flat response from the loading system over the frequency range of interest

(although it is desireable), The amplitude response only has to be adequate to load the test actuator

enough to obtain some measurable deflection over the frequency range of interest.

Figures V- 14 and V- 15 are response plots of the flutter suppression actuat6r operating as a position

actuator with the load actuator commanded to zero load. These plots, when compared to the unloaded
plots taken in Test A, indicate whether the dynamic response of the load system is sufficient to

ensure that the load system can get-out-o/-the-way of the test actuator when the load system is

commanded to not-load the test actuator. The test is a direct measurement of the quality of the load

system. There is some level of load error required to command the load system to move in response

to movement of the test actuator. If the load error is large enough to cause a significant change in

the test actuator's position response, the load system has insufficient dynamic response for accurate

load effect testing. Figures V- 14 and V- 15 show the position response of the ,'lutter actuator from

0 to 12 Hz. The - 3 dB frequency is 1.53 Hz, which is the 3ame as that of the unloaded actuator.

The - 90" phase angle occurs at 4.1 Hz, slightly below the 6 Hz frequency measured by Test A. At

6 Hz, the effect of the load system to increase the phase lag by nominally 15S. From these test

results, it was concluded that the load system operation had sufficient dynamic response for accurate

load testing.

'AFFDL-TR-72-13, page 204.
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TEST DATA

DATE: 10 APR 86

TEST ITEM: GPATR Load Actuator

CONFIGURATION: Force loop, 5000 lbs compressive load bias

TEST: 2% FS - Frequency Response (± 5000 lbs)

2•NO4 Ye -& Bý Y -& 9117 AYa @K
TRA Rh 2 0A 41

0 dB = 10,000 lbs/volt

-IL • , .. , , , ,...

LB, HZ 9IUU

Figure V-12. Load force response - magnitude - 50 Hz.
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TEST DATA

DATE: 10 APR 86

TEST ITEM: GPATR Load Actuator

CONFIGURATION: Force loop, 5000 lbs compressive load bias

TEST: 2% FS - Frequency Response to 12.5 Hz

X1 3L. QM Ye -'L. 54 Ye .- L 109
TRANS Rh 2 #As 11

PHASE

LO HZ 5,,,,

Figure V-13. Load force response - phase - 50 Hz.

V - 24



TELSDATA

DATE. 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position loop only, coupled to load actuator
Load actuator commanded to zero
5000 lbs compressive load bias

TEST: 2% FS - Frequency Response to 12.5 Hz

X =1 Y1-9, n Y, -9.U7 OY 3L 7
TRANS Rh # A 41

HsLM - _ _ _ _ _ _ _ _ _ _ -

0 dB - 1.0 inch/volt

L2 HZ ILMI

Figure V-14. Position response - zero load - magnitude.
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TEST DATA

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position loop only, coupled to load actuator
Load actuator commanded to zero
5000 lbs compressive load bias

TEST: 2% FS - Frequency Response to 12.5 Hz

A 4.184 ye'-a Ys,-US too
TRANS Rft $ #As 43

PHASE

SeE HZ i2UI

Figure V-IS. Position response - zero load - phase.
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Figure V-16 is a frequency response plot of the output of the differential pressure electronics versus

the output of the load force transducer. For this measurement, a 5000 lb steady-state compressive-

load-force was applied and a command voltage for a ± 5000 lb sinusoidal load was applied to the load

system. The response plot shows that there is a slight amplitude attenuation of 2 dB over the

measured frequency range of 0 to 50 Hz. There is also a slight phase angle change of nominally - 5"

over the same frequency range. The measured results demonstrate that the pressure transducer output

provides an accurate measurement of the load force for use as a feedback signal over the frequency

range of interest.

Figures V-17 and V-I are stiffness (load force versus actuator deflection) response measurements

of the flutter suppression actuatot without load pressure feedback. 'The flutter suppression actuator's

position command input is grounded. Note that on the amplitude plot of Figure V-- 17, the 27.8 dB

amplitude corresponds to 245,000 lb/in. This stiffness is maintained from 0 to 25 Hz and then

decreases gradually to 211,000 lb/in at 50 Hz. The measured stiffness of 245,000 lb/in is somewhat

greater titan the calculated value of 150,000 lb/in using oil with a bulk modulus of 100,000 lb/in2 .

This implies that the bulk modulus of the oil was about 163,000 lb/in2 for the response run. Figure

V-18 shows the phase of the stiffness response. Except at very low frequencies (less than 2 Hz)

where the position control system effects the phase angle, the force and deflection are in phase. This

indicates that the actuator acts as a simple spring at frequencies above 2 Hz.

Figure V- 19 is a response plot of the flutter suppression actuator's force-to-deflection ratio with load

pressure feedback applied (without using the bandpass filter). The feedback gain of the pressure

signal was set mid-value between 0 and a gain causing instability. Comparison of Figure V- 19 with

the stiffness plot of Figure V- 17 is an indication of the effectiveness of load pressure feedback on

modifying the stiffness of the flutter suppression actuator. Since no bandpass fil,'r is used, Figure

V- 19 shows that the load pressure feedback degrades the static stiffness of the actuator. Note that

the stiffness of the actuator is significantly reduced (compared to Figure V-17 without load pressure

feedback) over the frequency range from 0 to 25 Hz. This is consistent with the physical operation

of the actuator. Without load pressure feedback, actuator motion in response to an applied load is

used entirely to compress the fluid contained in the actuator. With load pressure feedback, the

actuator drive area has to push fluid through the damping orifice across the actuator piston in addition

to compressing the fluid contained in the actuator. This additional motion for a given applied force

results in a lower force-to-deflection ratio.

As shown in Figure V-19, the amplitude of the stiffness is lowest at nominally 0.5 Hz, The

magnitude of the stiffness value is + 2.5 dB (13,300 lb/in) at this frequency. From 0.5 Hz to 25 Hz,

the stiffness increases to + 28 dB (251,000 lb/in). From 25 Hz to 50 Hz the stiffness remains

between 243,000 and 278,000 lb/in. Note that the phase of the stiffness is between + 45" and + 75"
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DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position loop
5000 lbs compressive load bias
+ 5000 lbs load input (white noise)

TEST: Frequency Response AP vs Force

TRANS R9h It #As 2
TRANS R#e 11 #At 20

0. 0 HZ 50,000

0 dB - 0.194 psi/lb

"I I"I ' I i , , ., , ,I, - - 8 .
-11L On •,

ILI HZ

Figure V-16. Frequency response - pressure signal.
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.TESTDATA

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position loop
5000 lbs compressive load bias
+ 5000 lbs load input (white noise)

TEST: Frequency Response - Force vs Deflection

X. I m Y1 27. 7•
TRANS Rh 5 #At 2

0 dB - 10,000 lbs/in

27.8 dB - 245,000 lbs/in

LI I ,Z•",

Figure V-17. Stiffness response - magnitude.
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TEST DATA

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Ac ator

CONFIGURATION: Position loop
5000 lbs compressive load bias
± 5000 lbs load input (white noise)

TEST: Frequency Response - Force vs Deflection

TRANS Rh 5 #As 21

PHASE

Figure V-18. Stiffness response - phase.

V - 30



TEST DATA

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position loop + AP loop
5000 lbs compressive load bias
± 5000 lbs load input (white noise)

TEST: Frequency Response - Force vs Deflection

TRANS Rh 8 ft 20
TRANS R#o 6 #As 20

0.0 HZ 50. 000
i I I .I -a180.00

L•G PHASE

0 dB - 1o,000 lbs/in

L 1 q I I I 1•, ' , , , - -180.00Z

LB NZ 5I.

Figure V-19. F/X with load pressure feedback.
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from 4 Hz to 25 Hz, The phase angle drops back from + 45" to + 20" as the frequency increases from

25 to 50 Hz. The actuator motion in response to the applied force is no longer a simple stiffness

until the frequency of the applied force approaches 50 Hz. The phase lead effect of the load pressure

feedbai.. is consistent with providing motion damping or a force proportional to rate of motion of

the actuator. This can be illustrated by considering the force and motion relationship of a spring

operating in parallel with a damper as follows:

F-Kddx/dt + Ks

Where: F is the applied force (lbs)

Kd is the damping coefficient (Ibs/in/sec)

K. is the spring coefficient (lbs/in)

x is the free end motion of the damped-spring (in)

t is time (seconds)

For zero initial conditions, taking the LaPlace Transform of the above equation gives:

F(s)/X(s) - KdS + KI

where S is the Laplace operator (seconds)

The damping coefficient of the force equation is represented by the KdS term which has a positive

90' phase angle and a magnitude which increases with frequency. The spring coefficient of the force

equation is represented by K, and has pnase angle of 0* and a magnitude independent of frequency.

The response plot of V-9 indicates that the load pre3sure feedback provides a damped spring

characteristic over the response range measured. At frequencies approaching 50 Hz, the load pressure

feedback becomes less effective and the phase angle between force and deflection approaches 0".

Below 25 Hz, the positive load pressure feedback reduces the magnitude of the force-to-deflection

ratio as well as providing a leading phase angle corresponding to a damping force component.

Figure V-20 is a response plot of the bandpass filter used in series with the pressure feedback signal

for the response measurements of Figures V-21 through V-23. The response plot is of the bandpass

filter adjusted to its final setting. The purpose of the filter was to block the pressure feedback signal

at steady state and low, frequencies (and attenuate pressure feedback at high frequencies). Blocking

the steady state and low frequency pressure feedback signed was required to prevent degradation of

the actuator's stiffness and position accuracy under load in the position control response region. The
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high frequency attenuation of the feedback signal was used to decrease noise sensitivity. The corner

frequencies of the lag terms establishing the bandpass width were nominally 8 and 160 Hz. Note that

the frequency response range for Figure V-20 is from 0 to 200 Hz. The filter provides a reasonably

flat amplitude response (within I dB) from 15 to 50 Hz. The phase angle of the filter remains within

15" of 0' phase angle over the same frequency range (with 0 phase angle occurring at 30 Hz). The

phase angle at 15 Hz is + 15° and the phase angle of 50 Hz is - 13".

Figures V-21, V-22 and V-23 are force-to-deflection measurements of the flutter actuator with load

pressure feedback and the bandpass filter operating. The feedback gain was increased by a factor

of two from Figure V-21 to V-22 and again from Figure V-22 to Figure V-23. The feedback gain

used for Figure V-23 was nearly as high as could be used without incurring instability. Note that

the greatest change in the amplitude ratio and phase occurs for all three plots below 30 Hz.

For Figure V-21 with the lowest feedback gain, the maximum phase lead is + 45" which occurs at

17 Hz. The magnitude of the force-to-deflection ratio is nominally 2b dB (251,000 lb/in) at all

frequencies between 25 and 50 Hz. Note that the effect of the bandpass filter circuit is to retain a

high steady state stiffness magnitude compared to operating with load pressure feedback and no

bandpass filter (as shown on Figure V- 19).

For Figure V-22 with twice the feedback gain as used for Figure V-21, the maximum phase lead is

72" at 20 Hz. The magnitude of the force-to-deflection ratio exceeds 30 dB from 35 to 45 Hz.

Although the steady state stiffness is unchanged because the bandpass filter biocks 3ny steady state

pressure feedback, the increase in pressure feedback gByin affects the amplitude response noticeably

in the 2-5 Hz region. Figure V-23 with twice the feedback gain of Figure V-22 shows a maximum

phase angle of + 99'. The magnitude of the force-to-deflection ratio is nominally 32 dB between 40

and 45 Hz. This magnitude is four to five dB greater than the magnitude without pressure feedback

and indicates that the phasing of the pressure feedback at higher frequencies can be used to increase

the apparent stiffness, if desired. As with Figure V-22, the magnitude of the force-to-deflection

ratio from 2 to 5 Hz is reduced with the increased pressure gain.

The measured force-to-deflection ratio with pressure feedback can be used to calculate the damping

flow. The calculation is based upon simple harmonic motion relationships and the force-to-

deflection ratio of the damping component of the measured stiffness as follows:
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TET DA•A

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Controller

CONFIGURATION: Load pressur•e - filter #5
Electronics only

TEST: Frequency Response

TRANS Rh 7 IAs 23
TRANS R#h 7 ,YA 20

0. 0 HZ 200. 0

LZIAL~GPHASE-2& + -l i I •180.00

I.I HZ I LW

Flgur, V-20. Response - bandpass filter.
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TESRT DATA

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position + AP + Filter #6
5000 lbs compressive load bias
- 5000 lbs load input (white noise)
Filter #6 gain at 0.2

TEST: Frequency Response - Force vs Deflection

TRANS We 11 #As 23
TRANS RW 10 #As 20

0.0 HZ 50.000
SIi i • i i 180.00Z

LGRA PHASE

0 dB - 10,000 lbs/in

L OUI I I I I I

LB HZ 5I

Figure V-21. F/X at 0.2 gain.
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TEST ATA

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position + AP + Filter #6
5000 lbs compressive load bias
+ 5000 lbs load input (white noise)
filter #6 gain at 0.4

TEST: Frequency Response AP vs Force

TRWN Rh. 9 #As 20
TRANS R#t 8 #At 2;

0. 0 HZ 50. 000
4L t1 1 180.00

LOWU~ PHASE

0 dB -10,000 lbs/in

Figure V-22. F/X at 0.4 gain.
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TEST_2AT

DATE: 10 APR 86

TEST ITEM: Flutter Suppression Actuator

CONFIGURATION: Position + AP + Filter #6
5000 lbs compressive load bias
+ 5000 lbs load input (white noise)
Filter #6 gain at 0.8

TEST: Frequency Response AP vs Force

TRAN RAN a ft 23
TRANS R#t 9 #At 20

0.0Z H7 .50.000

LOW PHASE

____________________________________ -180. 60U .I I .... . I I I I I Id

LU HZ u.Sm

FI~luro V-23. F/X at 0.8 gain.VL a



From Harmonic Motion:

Q- wax

where: Q is the peak flow (in3/second) or (cis)
w is the frequency (radians/second)
f is the peak stroke (in)
A is the actuator drive area (in2)

From the definition of the ratio of damping force to deflection:

where: it is the peak pressure (lbs/in2 ) or (psi)
)t is the peak stroke (in)
id is the peak force (Ibs)

The response plots of Figures V-21, V-22, and V-23 can be used to determine the damping force-

to-deflection ratio at each frequency by using the property that the force-to-deflection response

consists of a magnitude and phase angle. The components of the force-to-deflection ratio which

are in-phase correspond to the stiffness of the actuator. The components of the force-to-deflection

ratio which are at + 90" correspond to the damping force of the actuator. It is assumed that the

response is made up of only these two force-to-deflection components. These components at each

frequency are then calculated from the measured response plots using the relationships:

F8/X - IF/Xj cos e

Fd/X - IF/XI sin 0

Where: e is the measured phase angle (degrees), and

IF/XI is the magnitude of the response (lb/in).
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Substituting the above into the ratio of in 3 /sec (cis) to psi:

ps ffcis wA 2

But Ld - F (a ratio)

Therefore,

cis -wA3pa a

This relationship shows that the damping flow is function of frequency as well as the measured

damping force-to-deflection magnitude.

Figure V-24 is a plot of the damping flow gains calculated from the response date presented in

Figures V-21, V-.22 and V-23. The reference value of 0.01b cis/psi at 12.3 Hz is exceeded with
feedback gain potentiometer settings of both 0.4 and 0.8. The effect of increasing the feedback

gain is to increase the damping flow gain at frequencies below 20 Hz. At 12.3 Hz, a damping flow

gain of 0.034 cis/psi was achieved at the highest gain setting. Note that the damping flow gain versus

frequency curve resembles a parabola. The effect of increasing the feedback gain is to shift the

parabola to the right, resulting in an increased damping flow gain at low frequencies and decreased
damping flow gain at higher frequencies. Thn parabolic effect may be associated with the phase

characteristics of the pressure feedback filter and servovalve. The total measured phase shift of the

bandpass filter and servovalve was the following:

Frequency Phase Angle
(Hz) (degrees)

10 + 10.5
30 - 30.8
50 - 62.0
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Figure'V-24'. Damping flow gain response.
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Electrical compensation for these measured phase angles of the filter and servovalve could be used

to reduce the phase shift to lower values (at the expense of the amplitude's flat response). This

potentially could reduce the parabolic shape of the damping flow gain versus frequency curve.

V. CONCLUSIONS AND RECOMMENDATIONS

The use of electronically implemented load pressure feedback was successful in creating useful load

damping flow characteristics over the frequency range of 0 to 25 Hz. The approach does offer

flexibility in implementing load pressure feedback. The limitation in implementing the pressure

feedback loop is the frequency response of the electrically operated servovalve which provides the

damping flow control (and position control) for the actuator, The approach requires a high response

servovalve with very I;ttle phase shift over the frequency regions in which the load pressure feedback

is to be effective. This places a difficult requirement on the servovalve performance.

The effect of load pressure feedback is to reduce the dynamic spring rate or stiffness (displacement

in phase with force) of the actuator over the region it is effective, This effect will have to be

considered when damping resonant motions whose frequency is determined by the actuator stiffness.

Because electronic fewIdback offers considerable flexibility in incorporating compensation for the

phase characteristics of the control valve, it is recommended that electronic compensation techniques

be considered and evaluated as part of implementing load pressure feedback. This may allow using

servovalves which have response determined by the position control requirements of the actuator,

rather than requiring extended response for incorporating load pressure feedback.
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SECTION VI
DIRECT DRIVE F-16 ACTUATOR

I. INTRODUCTION AND SUMMARY

The objective of the F-16 Direct Drive Actuator investigation was to investigate the application of

direct drive control technology to a current Fly-By-Wire (FOW) aircraft control actuator. rhe F-

16 integrated servoactuator (ISA) was selected for the investigation since it is used in a current (still

in production) FI3W flight control system and an F-16 flaperon/horizontal tail ISA was available for

use in the investigation. The design and test evaluation of the system was conducted from March

1985 to June 1987.

The failure mode and perforinance requirements for the normal F- 16 ISA were used for design of

the test system. The design of the test system was based upon using a pulse-width-driven, moving-

coil, direct drive servovalve. This force motor design was successfully flight tested in an F-4E

aircraft at Edwards Air Force during 1980 and 1981. The F-16 direct drive system used analog

failure-detec.tion in the control electronics. An alternative microprocessor-based failure-detection

system to monitor the performance of the system (and reconfigure it upon component failure) was

also designed and tested as part of the investigation. The system was unusual in using pulse width
modulation (PWM) to control the direct drive servovalves and the use of a microprocessor for failure

detection and ground checkout (self-test). The testing conducted on the system was a measurement

of the input-to-output characteristics. The evaluation included operating the system in both the

analog-controlled and microprocessor-controlled fault-detection modes.

The actuator section of the normal F- 1 actuator was used with the direct drive valve. The secondary

actuuator or the normal F- 16 actuator was replaced with the direct drive control package. The direct

drive valve package was designed as a bolt-in replacemenm fur the normal actuator's secondary

actuator package. The normal F- 16 ISA uses mechanical feedback for actuator position. This

provides positive centering of the actuator as the last failure mode. To provide this same failure

mode with the direct drive 1- 16 actuator, mechanical feedback was also used with the direct drive

package, but ony in the final failure roode. Electrical feedback was used for the electricul control
modes of the direct drive actuator. No iwwr loop electrical feedback of the direct drive spool

position and no gain changing with failures was used with 1`- 16 direct drive actuator. The system

was designed so Ihat frequency response of the actuator after two electronic failures still met or

exceeded the frequency response of the normal F-16 ISA.
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The test system operated successfully and met or exceeded the performance requirements for the

normal F-16 ISA. The microprocessor was able to identify failures and reconfigure the system

successfully. The use of a microprocessor allowed duplicating the failure detection capability of' the

analog electronics and provided additional automatic test capability. The automatic pre-flight self-

test operated properly. The parts count for the direct drive mechanization was less than 25 percent

of normal ISA. The package size and weight for the direct drive actuator package was similar to that

of the normal ISA. The use of mechanical feedback for the direct drive valve controlled actuators

creates difficult design problems. The PWM drive for the direct drive valves worked well and

minimized the heat sink requirements for the driving amplifiers.

II. TECHNICAL APPROACtH

General

The direct drive F- 16 investigation used an F- 16 ISA (llorizontal Tail/Flaperon assembly 38330021,

SN 0368). The secondary actuator was removed from the actuator barrel and a direct drive control

package used to replace it on the actuator barrel. The direct drive control package was designed as

a "bolt in" replacement for the normal secondary actuator. The performance characteristics of the

normal F-16 ISA were used as design inputs for the direct drive system.

The control electronics for the direct drive actuator were designed with an option to use either analog

failure detection and correction electronics or a plug in microprocessor unit for the same function.

Pulse width modulation (PWM) was used for the servovalve driving electronics to reduce the heat sink

requirements for the amplifiers. Four electronics units were constructed for the investigation. A

power supply unit was used to convert 28 volts DC to six independent ± 15 volts D)C supplies for the

control channel electronics. The control electronics unit was used to mount the PWM servoamplifiers

and the analog control and failure detection electronics. The control electronics unit incorporated

connectors on the front panel to allow connection to the microprocessor failure delection unit. A

pilot monitor unit was constructed and used with the analog control electronics unit to piovide pre-

flight test inputs and failure status monitoring. The microprocessor unit (logic processor) was

constructed to connect to the control electronics unit and provide a substitute for the analog failure

detection function of the control electronics.
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F-16 ISA Description

Figure VI-I is a phcotograph of the standard F-16 ISA. The actuator is used for controlling the

horizontal tail, flaperons and rudder (in a shorter stroke version) for the F-16 aircraft. The actuator
is designed to operate with 3,000 psi supply pressure. The actuator has a total force output capability

of 36,000 lbs, a maximum slew rate of 5.5 inches/second and a nominal frequency response of 3 Hz
(- 3 dB amplitude ratio relative to 0.1 Hz). The actuator is designed to accept two electrical failures
and/or one hydromechanical failure and continue to operate. Upon detection of a third electricol
failure or a second hydromechanical failure, the actuator will move to a centered position.

Figure VI-2 is a schematic of the standard F-16 ISA servoactuator. ThiP standard F-16 ISA uses a
secondary actuator to position the main control valve. The secondary actuator is controlled by three
jet pipe servovalves. Failure detection and removal is accomplished hydromechanically using
comparator spools to monitor the servovalve spool driving pressures. The comparator spools detect
failures of the servovalves, hydraulic supply pressures and current inputs to the servovalves. A first
failure of SVI or SV2 will cause transfer of control to the standby servovalve SV3. A first failure
of SV3 will lock the servoactuator on SVI and SV2 conti-ol. Mechanical feedback loops are used for
the the servovalves, main control valve and the actuator ram positions. Solenoid valves are used to

remove/apply supply pressure to the servovalves and transfer to the fail center mode upon receipt
of an electrical command from the actuator control electronics. Note that the servovalve torque
motors are not included inside the mechanical feedback loops. This results in the actuator position
being c3mmanded by current input to the servovaive coils,

To provide the dual fail operational capability for the control electronics, each servovalve has two
electricaly separated windings. Either winding is capable of full servovalve control. These windings
are driven by the flight control computer in an active-standby manner so that a servoamplifier first
failure will be corrected within the flight control computer without activating the ISA voting logic.
The control electronics also incorporates a mathematical model of the ISA's rate + position feedback
position. This model is used (with the output of the position LVDT incorpcrated in the ISA) to
determine that the actuator output is in error and transfer the ISA (after the pilot has armed the
monitor) to the centering mode of operation. The actuator position in the centering mode is
established by the centering spring attached to the feedback linkage from the actuator and the main

control valve.
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biract Drive System Description

The direct drive valve (I)DV) concept Investigated I'mr the 1- I0 actu'lthr i liminated the normal ISA's

secondary actuator completely. Two force motors were used to drive the main control valve. The

force motors were spring centered, requiring no inner loop feedback. Figure VI- 3 illustrntes the

single fail-operate control mechanization used to control an F-4E aileron actuator. The act¶untor was

successfully flight tested at Edwards Air Force Base in 1980 and 1981, The development of the F-

4E direct drive aileron actuator is described in technical reports AFFDL-TR-77-91 and AF[DL-

"T1R-79-3117 (Vol 1). The results of the flight test are presented in technical report AFWAl,-TR-

82-3035. For the F- 16 application, which requires two fail-operate control for electrical Failures,

a third channel of electronics was added to drive an additional coil in the force motors. Each channel

was self-monitoring and completely independent of the others. Six feedback transducers were

required in order to retain complete channel independence for the two fail-operate mechanaization.

IFigure Vi-, shows the F-41( direc; drive aileron actuator along side of the standard F- 10 ISA. The

program objective was to incorporate the direct drive valve concept shown on the 1-4 actuator as a

replacement for the control valve package on the F- 16 actuator. The implementation approach was

the following:

a. Mechanical feedback would be used for the fail-safe mode only.

b. Electrical feedback would be used for the operate and fail.-operate modes.

c. Gain changing after channel failures would not hie used.

d. The valve package would be a holi-on replacement for the normal F-16 ISA's

secondary actuator section.

e. Analog-failure detection would be used for the in itia l (Phase I) implementation.

f. Microprocessor--failure detection would be used for the second (Phase II)

implementation.

g. The force motors would be driven by a pulse widti modul:ation driving %ignal.
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The decision to use mechanical feedback only for the fail-safe mode was based upon the desirability

of using the direct drive valve within an integrating feedback loop, This approach results in power

to the direct drive valve being required only when motion of the actuator (and flow from the control

valve) is commanded. If the direct drive valve is used outside the actuator feedback loop, power to

the valve is required for any position of the actuator other than the centered position. To achieve

maximum flow output, a direct drive valve requires more electrical power than a two-stage valve.

(However, the two stage valve requires continuous hydraulic power for first stage quiescent flow

while the direct drive valve does not.) The most efficient use of a direct drive valve is within a an

actuator's position feedback loop. Using the direct drive valve within an integrating feedback loop

also relaxes the linearity requirements on the motion of the direct drive valve spool. With the use of'

integrating feedback, inner loop feedback of the direct drive valve position is not necessary to

achieve good actuator output position linearity.

Using electrical feedback of the direct drive F- 16 actuator motion allowed including the force motor

and valve inside the actuator position loop for the operate and fail-operate modes. Upon failure of

the three self-monitoring electrical control channels or both hydraulic supplies, transfer was made

from the electrical-control mode to the fail-safe centering mode. The transfer was accomplished

with solenoid valves (as on the normal F-16 ISA).

With a multiple coil direct drive valve, the force applied to move the valve spool is a direct function

of the current in each coil. Direct drive valves use centering springs to achieve a high resonant

frequency. The position of the valve is therefore a direct function of the force motor's output (which

is directly proportional to the surn of the coil currents). The position gain (and hence flow gain) of

the valve therefore changes with loss of' control channels. Using inner loop feedback of the spool

position will tend to keep the flow gain constant, at an increase in complexity and decrease in

reliability. The use of gain changing after channel failure (with or without inner loop feedback) can

be used to keep the frequency response of the direct drive actuator the same in all the operate modes.

If one channel fails, the gain of the remaining good channels can be increased to compensate for the

loss of a channel. However, gain changing requires coupling between control channels, which

reduces control channel independence and introduces possible common failure modes. The approach

used for the F-16 direct drive actuator was to not use gain changing or inner loop feedback. The

frequency response of the actuator with a single control channel operating (after failure of the other

two control channels) was sized to meet the frequency response requirements of the normal F- 16 ISA.

The frequency response with two and three channels operating was therefore greater than that of the

normal F- 16 ISA. For applications where extended actuator response is undesirable (such as where

the actuator response roll-off is used as part of structural mode filter design) electrical filters can be

used in series with the actuator system's inputs to reduce the actuator system's frequency response.

vi - 9



The failure detection used for the first phase of the F- 16 direct drive was analog and similar to that

used with the F-4E aileron actuator system described in the technical rtports AFFDL-TR-77-91,

AFFDL-TR-79-3117 and AFWAL-TR-82-3035. With that approach, the failure monitoring system

is checked prior to flight. The system is designed so that failures of the monitoring system

components appear as single channel failures and can not cause hardover channel output failures.

As part of the configuration, a pilot monitor control box was used to inject initial pre-flighl test

signals and to display channel failures during normal system operation.

Microprocessor failure detection and correction was used for a second phase of the investigation in

order to evaluate the approach. The microprocessor was not redundant or self-monitoring. The

microprocessor was programmed to provide both pre-flight test and continuous-monitoring during

operation. The microprocessor had the potential to add both flexibility and capability to the

monitoring function of the F-16 direct drive actuation system.

Using pilse width modulation for the driving the force motors coils reduces the heat sink

requirements for the driving amplifiers. This is because the driving amplifier is used in either a full

On or Off current mode. This minimizes the internal heat generation of the driving amplifier. The

potential disadvantage is the generation of electrical noise as a result of the current switching.

Control Svstem Description

Figure VI-5 is a block diagram schematic of the F- 16 direct drive control system for the operate

modes of the actuator. The system is designed to operate with all three channels for normal

operation, two channels for the fail-operate mode and one channel for the single fail-operate mode.

Note that three channels are self-monitoring and no electrical mixing of the channels occurs. Each

channel uses two command inputs (so that the failure logic can be used to detect input failures).

These inputs are strapped together if input failures are detected and corrected ahead of the control

actuator system. The six feedback transducers allow each channel to be self-monitoring. A failure

of a feedback transducer, summing amplifier failures or and command input is detected by the

channel comparator and the inputs to the servovamplifiers is grounded. Two servoamplifiers are

used for each channel. The servoamplifiers are cross-strapped together so that if an amplifier fails

hard-over, the other amplifier of the pair is driven in the opposite direction, cancelling the output

force of the channel. If the amplifier fails to a no-outpul condition, the gain of the remaining

amplifier increases, tending to keep the channel's force gain (but not total force contribution)

constant.

VI - 10
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Contill Valve Iescriati"n

The direct drive valve concept used by Dynamic Controls, Inc. i.• based upon a moving coil design

(as opposed to moving magnet or moving iron). The coil aisembly is suspended on a folded linkage

which igacorpoiates both the centering speing and Bendix flexurei for pivot poinst. The coil assembly

consisted of three individual coils, electrically isolated with each coil having four layers of wire.

Fillore V1-6 shows one of the two coil as.semblies uwed for the F-16 direct drive valve. The coil

assembly diameter is nominally 2.75 inches and the length is 0.62 inches.

The moving coils are used witb a rare earth magnetic structure. Stainless 416 steel was used for the

pole piece and the outside cup. Tascore 21 was used for the permanent magnet material. The force

output of the force motor was 55 lbs with all coils energized with 1.2 amps. The resistance of each

coil was nominally 4 ohms. The weight of the magnet structure, coil and housing was nominally 5

lbs. Figure VI-7 illustrates the magnet structure, coil, coil suspension and force motor housing. The

force motor is a wet coil design, flooded with return oil through a filter disc with a 2 micron nominal

rating. Using a wet coil design eliminates a dynamic seal, provides increased cooling for the coil and

damping for the coil motion. Since the oil in the magnetic structure is fed through a filter disc from

return and is circulated only locally, the problem of the magnetic structure acting as a magnetic filter

'or the oil in the hydraulic system does not occur.

Two force motors were used for the F- 16 direct drive valve package, one on each end of the control

valve, The force motors were connected together in the valve package with a large connecting

passage so that the pressure balance between the magnetic structures was maintained. The return

pressure of one hydraulic system was used for both magnetic structures.

The control valve which the force motors positioned was part of a three piece design. The control

valve moved in a sleeve which was normally held stationary by a locking mechantsm. Electrical

feedback was normally used to control the actuator output position. When mechanical feedback was

used in the fail safe mode, the sleeve was unlocked and driven by the mechanical feedback linkage.

In the fail safe mode, the driving electronics for the center spool are turned off' and the control spool

is maintained in a centered position by the spring centering of the force motors. Figure VI-8 shows

the control valve, the moveable sleeve used for the fail-safe mode, and the stationary sleeve in which

the moveable sleeve ran.

The locking of the sleeve and the motirn in the fail-safe mode was accomplished with a lever-

mounted ball, a slot in the sleeve and a shaft with a taper. Figure VI-9 shows the linkage lever with

the ball and the shaft with the taper. The linkage lever was prevented from engaging the tapered

VI - 12
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ramp when the actuator operated with electrical feedback. The valve body, as shown in Figure VI-

10, incorporated the locking lever and locking piston. The locking piston was controlled by two

solenoid valves so that either three electrical failures or two hydraulic failures would release the

locking lever, engaging the fail safe mode.

FeedakDian Dsriptin

Attached to the valve body was the mechanical feedback linkage and housing for the electrical

feedback transducers. The linkage attached to existing mounting holes on the F-16 ISA's actuator

body. Figure VI- 11 shows the housing and one of the linear bearings used to guide the tapered

shaft. The linkage was designed to provide a motion reduction ratio of 171 to I. Figure VI- I I also

shows one of the electrical feedback transducer housings used to mount three of the six feedback

transducers used with the actuator. Precision film-potentiometers were used for the motion

transducers. The film-transducers offer better linearity (at the expense of shorter component life)

than LVDTs and have been used in several current aircraft for position feedback. The film-

potentiometers also eliminate the modulation and demodulation electronics required if LVDTs had

been used instead.

Figure VI-12 shows the manifold plate used to adapt the direct drive valve package to the standard

F-16 ISA actuator barrel. The manifold plate provided the connections for hydraulic supply and

return lines and mounting for the position feedback transducers housings,

Figure VI-13 shows the direct drive control package assembled prior to installation on the F-16

actuator barrel. Note the two solenoid valves at the left top of the valve package. These solenoids

were used to transfer the actuator to the fail-safe centering mode.

Figure VI-14 shows the direct drive control package mounted on the actuator barrel. The three

connectors used for the control channels are mounted on the side of the valve package. The wires

from the position transducers, solenoid valves and force motors are terminated at the connectors.

Thirty four wires were used to control the direct drive package. No pressure transducers to detect

hydraulic system failures were incorporated into the valve package, since loss of' both hydraulic

pressures would release the locking lever and engage the fail-safe centering mode.
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Control Electronics Description

General

The electronics for the direct drive F-16 actuator c"nsisted of a power supply unit, a pilot monitor

box and a control electronics chassis. The power supply was designed to convert 28 volts DC to ± 15

volts DC. Six separate ± 15 volt outputs were provided by the power supply.

The control electronics for the direct drive valve were housed in the single control box shown in

Figure VI-15. The front panel contained all the input and output connectors for the box, including

the connection to the pilot's monitor box, direct drive F- 16 actuator, power supply and the test inputs

and output connections.

The pilot monitor box incorporated status lights and a failure input and reset switch for each of the

three control channels of the actuator.

Control Electronic Circuits

Figure V 1- 16 shows the direct drive actuator control box internal construction, Three circuit cards

were used for each control channel. Each circuit board was supplied by two separate ± 15 volt power

supplies. Any failure of either one of the ± 15 volt supplies would caused the control channel to fail,

efiminating the output current of that channel.

Figure VI- 17 is a single channel schematic for the direct drive control box electronics. The circuitry

shown within the dashed lines on Figure VI-17 was used in the pilot monitor box. The circuits

including and to the left of SW-I on Figure VI-17 are the implementation of the two command

inputs, two feedback inputs, two summers, a comparator and electronic switch of one channel as

shown previously in Figure VI-5. The circuitry to the right of SW-I is the implementation of the

PWM servoamplifiers. Jumpers (or breaks) Jl through J8 were used to connect to the Logic Processor

for the Phase II part of the investigation. Each side of a break was brought out to one of the three

front panel connectors used for connection to the Logic Processor during the Phase II investigation.

For the Phase I investigation, the breaks were jumped by the wiring of the mating connectors. The

component values for this and the following 4 schematics are included in Appendix A-2,
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Figure VI-18 shows the PWM section of the single channel electronics in larger scale. Two identical

PWM amplifiers are used, powered by two different power supplies. As shown on this figure, op

amps A5 and AI0 are used to create a 2000 Hz triangle waveform at their outputs. The triangle wave

is summed with input and feedback signals by op arnps A6 and A 1l. The difference between the

input and feedback signals biases the triangle wave form off zero, causing the op amps A7 and A12

to create a 2000 Hz pulse train, The polarity is the same as the bias and the pulse duration is

proportional to the amplitude of the bias. The circuit shown is three level pulse width modulated

generator which produces zero output at zero input bias. The diodes DI0 through D13 and D16

through D19 are biased by supply voltages through resistors to make the op amps A7 and AI2

window comparator'. With low comparator input current, the diode bridges around A7 and A 12

provide low impedance feedback to hold the amplifier outputs to near zero. As the input signals raise

the input current to the comparator above that supplied by the diode bias, the output is driven away

from zero level, Capacitors CIO and (18 are used as low pass filters for tne feedback signals

(proportional to coil current). The resistor networks R72 through R74 and R 125 through R 127 are

used to establish the cross-strap feedback signal gairn and prevent shorts or opens of the cross.strap

from causing hardover outputs from the amplifiers. The output of A7 and A 12 drove the op amps

A8 and A13 (reference Figure VI-17).

Five opto-couplers were used with the PWM sections of eacht channel. Four of the, opto-couplers

were used to provide four signals to the pilot mmmnitor box. when the current level of' the PWM

anmplifiers reached a particular level. Comparators A9 and A 15 were used to control the opto-coupler

operation. The ± current levels at which the comparators drove the opto-couplers to swit:h was

established by R76, R8 1, R85 and R99. Opto-coupiler O(7 was used to apply a test voltage to All

for verification of the cm oss-.strap operation durinlg pre-flight test.

Two circuit boards were used for constructing the VWM amplifier section of each channel. One

circuit card was used for the driving transistors for the force motor coils. Tlhe two power op amps

(Burr Brown P3572) were mounted directly to the circuit ,.o,irds with copper foil left largely intact

as a heal sink surface, The wedge board retainers -,t th; edge of the circuit board were used to load

the circuit board against the chasxsis guide slots to provide a heat conduction path from tthe circuit

board to the chassis. On the second board were mounted the components for the triangle waveform

generator, summing amplifier, and opto-isolators of Figure VI- 18.

The third board foi each channei was used to Mo0n nt the suammi ng amplifiers for the comrnmand and

monitor sections of each chanmnel, a coin paa tor, t lectron ic switch and two opto- isolhtois. Figure VI-

19 shows the sum ining circuit of Figure VI- 17 in a largert- cate. Op amps A I and ,\2 are used as

summing amplifiers for the uontrol and monitor charmnol r'especlively. Op amp A 3 is used as a

difference amplifit r to drive comparator A4. If d ifferevces bet ween the control and moon itor ,:h'1.r1 t n ,
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error signals exceed the ± switching voltages of the comparator established by R25 and R28, SW- I

disconnects the input voltage to the servoamplifiers and connects the input lines or the amplifiers to

ground. Resistors R160 and R 161 are used to provide input line isolation between the two amplifiers

to prevent a hardover input line voltage of one amplifier from driving the othcr to a hardover output.

Opo-isolator OCI is used to input a signal to reset SW-I. Opto-isolator 0C2 is used to output a

signal to the pilot monitor box when SW-I turns the channel off.

The small circuit board at the front left of the control box (reference Figure VI-16) was used to

mount six opto-isolators, two op amps and two driving transistors for the solenoid valves in the direct

drive actuator. Figure VI-20 is the schematic fur the board circuits. The opto-isolators are used in

two AND gate circuits to drive the solenoid valves. The circuit is d.signed to operate with two

separate 28 volt DC supplies. A failure of both 28 volt DC supplies is requited to cause the solenoids

to transfer the actuator to the fail centered mode.
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Pov~er up plv Descsigpiloo

Figure VI-21 shows the power supply constructed for the direct drive F-16 actuator. The power

supply incorporated eight toggle switches, six for the + 15 volt DC supply outputs and two for the

28 volt DC supply to the control electronics. the switches were used to simulate supply voltage

failures to the control electronics, Output indicator lights mounted below the ± 15 volt DC switches

were used to indicate failure of a power supply.

Figure VI-22 shows the power supply with the cover removed. Six Abbott converters were used to

create the ± 15 volt DC output from the 28 volt DC input lines. These saene converters were used

in the F-4E direct drive flight test program (reference AFWAL-TR-82-3035). Each suipply was

capable of deliverkng 2,1 amperes at + 15 volts DC over Pn input voltage range of 24 to 30 volts DC.

Pilot Monitor Box

Figure VI-23 shows the pilot monitor box front panel and the internal construction. Three circuit

boards, light sets and switches we,.e used, corresponding to the three control channels. Two

momentary failure inject switches and a failure reset switch were used for each channel. The failure

inject switches checked the operation of the failure-detection comparator and operation of the

servoamplifier cross-strap wiring. One failure inject switch applied a voltage to the input of the

monitor section of a channel, causing the failure monitor comparator to operate, shutting the channel

off. The other failure inject switch caused an opto-isolator to apply a voltage in one servoamplifier

input, causing the amplifier to drive hardover. The current polarity and amplitude indicator lights

below the switches were used to verify that the servoamplifiers operated and that the amplifier

outputs drove in opposite current directions as a result of the test input. The reset switch was used

to reset a channel after the comparator detected a failure and latched the channel off.
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Figure VI-21. Power supply,
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Microprocessor Description

General

The microprocessor (Logic Processor) used for the Phase 11 investigation of the direct drive F-16

actuator was designed as a stand-alone unit. The Logic Processor chassis was connected by cable to
the control electronics box (reference Figure VI- 15) using three front panel connectors assigned for
that purpose. The analog electronics were fabricated with breaks in the circuit lines. These breaks
were brought out to three connectors used for coupling to the Logic Processor. For the Phase I

analog operation, the breaks were jumpered by mating connectors. Figure VI-24 shows the Logic
Processor unit used to evaluate the use of digital monitoring and failure detection on the operation
of the system. The Logic Processor replaced the pilot's monitor box used in Phase I. The design of
the F- 16 Logic Processor was based on Z-80 standard bus hardware.

Two modes of operation were used with tiie Logic Processor, a self-test and continuous-monitor
mode. The self-test mode duplicated the failure injection test capability of the pilot's monitor box
while the continuous-monitor mode performed the monitoring function of the normal analog failure-

detection electronics. As shown in Figure VI-24, the front panel of ihe F-16 Logic Processor

contained nine light emitting diodes (LEDs) for failure identification and three LEDs for channel-
fail notification. Six of the failure identification LEDs and the channel-fail LEDs were used for

the continuous-monitor mode. The self-test performance used all of the failure identification LEDs,
channel-fail notification LEDs and two additional pass and fail LEDs mounted to the right of the

channel failure LEDs.

The self-test mode initiated hardover failures in the control electronics either with the internal opto-

isolators of the control electronics or by buffered direct connection to the break lines provided for

the Logic Processor. The self-test mode detected the associated failures and declared the monitoring
function as working (pass) or not working (fail), A toggle switch provided for selecting the operating
mode of the Logic Processor was located at the lower right of the front panel.

In the continuous-monitor mode, the Logic Processor polled voltages at two locations in each of

three channels (a total of six test points in the drive electronics). These voltages were compared to
each other or to a reference voltage for sign and amplitude. If the voltage resulting from the
comparison exceeded a predetermined value, a failure was declared and the violating channel
disconnected by a processor controllod analog switch. The failure-detection software was designed
to require a test point to register v failure for a predetermined number of samples before the
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corresponding channel was voted out. In the continuous-mode, only the model and current failure-

detection tests were used. The amplitude/gain failure test and identification lights were used only

in the self-test mode.

In the self-test mode, the failure logic operation was tested by injecting failures (using the opto-

isolators) into the control channels. The self-test checked both the failure-detection logic and the

operation of the control channels in responding properly to the test inputs. For the self-test, a gain

and sign test was used to check the operation of the servoamplifiers,

Analog System Modification

To interface the Logic Processor to the control electronics, the three jumper connectors were removed

and replaced by the cable connectors of the Logic Processor. The control electronics were also

modified by opening the cross-strapping between the servoamplifiers. This allowed the Logic

Processor to read amplifier current differences and detect amplifier failures (the cross-strap used in

the analog system prevented independent operation of the servoamplifiers).

Hardware

General. Figure VI-25 shows the internal construction of the Logic Processor. The system is

packaged in a 10-slot Standard Bus card cage with a built in power supply and switch panel.

The system CPU is a Z-80 based STD BUS processor card with a serial I/O port, up to 16K

of RAM/PROM and built in diagnostic firmware (test and debug functions). A dual channel

serial I/O board and a 64/256K memory board with battery backup were used to interface

with a developmental system for assembling and debugging the software. Two modular I/O

interface boards were used to drive the analog fail inject hardware (opto-isolators), the front

panel LEDs and thumbwheel switches. Two prototype wire-wrapped boards were used to

multiplex front panel signals and provide analog test voltages by using digital relays. A 16-

differential/32-single-ended input 12-bit A/D converter provided the interface with the

analog system electronics.

Components. As shown in Figure VI-25, the front panel contained binary-coded decimal

thumbwheel switches to input data (3 digits plus sign) and address (2 digits) information to

the microprocessor. The three LEDs for each of the three channels (9 LEDs total) represented

the three function tests of the valve drive electronics; MODEL, GAIN/SIGN and CURRENT.
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The function tests checked the operating sections of the drive electronics. There were three

channel FAIL LEDs and two self-test LEDs (PASS and FAIL). Depressing the LOAD button

placed the displayed data information at the displayed address location. The test mode switch

selected the test mode, SELF TEST or CONTINUOUS MONITOR. The RESET button reset

and initialized the microprocessor by placing the default data at the address locations. Seven

boards were used in the card cage. Five were standard cards designed for operation with the

standard bus. Two cards were prototype cards and were constructed for the processor using

wire wrap circuitry. The cards used were a Smarl Card, Memory Board, two I/O boards,

an A/D board, and two prototype boards.

The Versalogic model STD Z80- I Smart Card processor board combined a 4 MHz Z80A CPU

chip with an on-board RS-232C serial port, RAM expandable to 16K bytes, and built-in

diagnostic firm-ware for use with the STD BUS. This board operated the Logic Processor.

The Versalogic model VL-7709 64/256K Memory Board accepted 8K or 32K RAM/ROM

devices. The memory board offered 4 to 10 year data retention with a on-board lithium

battery backup. The memory board requires 220 microseconds to access RAM/ROM when

used with the 4 MHz Z80 CPU. This board provided the additional memory required for

developing and assembling the program.

Two I/O interface boards were used. The first board (#1), a Versalogic model STD MIO-24

Modular Interface was Z80 and Opto 22/Gordo compatible with 24 buffered I/O channels

and two interrupt channels. The Logic Processor controlled the system failure injects and the

Standard prototype board #1 inputs with this board. The second I/O interface board (#2) was

identical to interface board #1. The Logic Processor used this board to retrieve the analog

data lines and control the Standard prototype board #2 (a data/LED mux board).

The A/D input board, an Analog Devices model RTI-1260 Analog Input Card, provided data

acquisition of analog signals from up to 32 single-ended or 16 differential voltage inputs.

User configurable gains of I to 1000 allowed input ranges from .010 volts to 10,0 volts, A

sample and hold amplifier and 12-bit converter provided throughput of up to 25,000 channels

per second. The A/D conversion timne was 25 microseconds. The Logic Processor accessed

analog data (model and current) from the drive electronics using this board.

Two Standard Bus prototype boards were used. Board I was wire-wrapped by DCI and

contained three TI SN74S139 Dual 2-to-4-Line Decoders and six Analog Devices AD751 ID

CMOS Analog Switches. The relays input t voltages and grounds to the channel drive
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electronics as required by the CPU via I/0 Interface Board #1 and the decoders. Board 2 was
wire wrapped by DCI and contained three TI SN7438 open-collector positive NANI) buffers

and three Analog Devices AD7512D Analog switches. Pull up resistors were also mounted

on this board to provide current to the LEDs. This board was used to mux data lines and
LED lines as required and was controlled by I/O interface board #2.

The rear panel of the Logic Processor provided mounting locations for the 120 volt AC fuse,

power cord and cable connectors, The cables connected the Logic Processor to the F- 16
Direct Drive Control Electronics. Figure VI-26 is a schematic of the Logic Processor

hardware and the interface to the analog electronics. The schematic shows the seven STD
BUS boards, the three analog control channels, the Logic Processor's front panel and the

connection between all the elements.

Logic Description

General, The valve drive electronics consists of three sections: the model compare section, the
puhke-width modulation section and the current driver section. In the self-test mode the
Logic Processor examines each of these sections in sequence for each of the three channels.
In the continuous-monitor mode, the Logic Processor continuously examines the model and

current driver sections of each channel.

While in the self-test mode, the system must detect induced failures and shut down the

appropriate channel to pass. The inability to detect a failure will result in turning on the
offending section L.Fi) with the Logic Processor continuing to test the remaining sections and

turning on the FAIL L.E-D after the completion of the self-test. The operator therefore, is

alerted to the self-test failure and the section of the valve drive electronics where the failure

occurred.

If a channel sustains a failure in one of the two monitored sections while in the continuous-
monitor mode, the channel is shut down and the Logic Processor ignores the failed channel

for the duration of the operation or flight. In the event of a second channel failure, the

Logic Processor will monitot only the remaining operating channel. A third failure will cause

the channel to be shut down and the actuator transfer to the centering mode.
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The MAIN procedure of the Logic Processor initializes the entire program and continuously

polls the mode select switch, calling either the self-test procedure or the continuous-monitor

procedure when required. If the system is booted up in the self-test mode, the procedure will

perform the model, gain/sign and zero current checks. The self.-test procedure then polls the

mode select switch and when the switch is placed in the continuous-monitor mode, calls the

continuous-monitor procedure to perform the last self-test hardover current check. A system

reset is then required to begin the actual continuous-monitor procedure. If the system is

booted up in the continuous-monitor mnode, the continuous-monitor procedure will begin

immediately, without the last self-test hardover current check.

Self-Test. The self-test procedure begins by failing all three channels and turning on all nine

section LEDs. Channel I is then activated with the other two channels remaining in the failed

mode (with all the LEDs on). If any self-test failures (failure to deteci failures) occur in

#he first channel, the section where the failure occurred will be indicated by on illuminated

LED. The sequence is continued by activating the next channel and leaving channel three

in the failed mode. This sequence is continued for all three channels. If self-test failures are

detected, the FAIL LED will be turned on and the section LEDs associated with the failures

will be turned on. If no failures to de•ect failures occur, the PASS LED will be turned on.

In either case, the self-test mode switch will be polled for the next self-test check (the

hardover current check). The self'-test procedure is made up of the Hlardover Input,

(Gain/Sign, Current and Ilardover Current tests. A description of these tests with the

subroutine labels in parenthesis is as follows:

Hardoiwr npumi Ie'vs. A hard-ovor input is compared (MIt II) to the model and since the difference

should exceed the self-test model limit (STMODIIM), a failure is declared, the test is passed

and the test sequence continued. It' this piocedure does not detect the hard-over failure, the

self-test sequence will continue but will turn on the FAll. LEI) and the MODEL LED for

the corresponding channel upon completion of the SELF TESI procedure.

Gain/Sighn Test. [hii test compares the polarity and magnitudet of' the two coil output signals to

the same prarameters of the coil input signals. A negative voltage is input to one of the two

coil driver circuits (A), The coil output current is checked for the proper polarity and
compared to the input value (T'lSTVAi,) and a test limit (TSTIIM) to determine if the

current magnitude is consistent with the required gain values (MMTl12). This test is repeated

for the othher coil driver (I1). Thi test is then repeated with a positive input (MITI-3) to both

coil drivers (A&BI),
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Current Test. This procedure inputs zero voltage to the coil drivers and compares (MTH4) the coil

outputs (A&B) to a test limit (TSTLIM). If the outputs do not exceed the limit, the test is

passed and the self--test sequence is continued.

Hardover Current Te.st. This test is performed by the continuous-monitor procedure immediately

after the self-test mode switch is placed in the continuous-monitor mode. All the LEDs are

turned off and the channels that passed the self-test are reset. A hard-over voltage is input

by the PWM opto-isolator (OC7 on Figure VI-18) to the active channels. The continuous-

monitor current failure logic should detect the failure, turn on the channel fail LEDs and the

self-test PASS LED, thus completing the self-test or pre-flight check out.

Continuous Monitor.

Failure Sampling. When the model compare value or the current compare value exceeds the pre-

established limit, the failure is assigned a channel fail type (CII(n)FTYPE) and is counted

(CH(n)CNTR). The fail-type count is compared to a preestablished value (CNTRMAX) and

if this value is exceeded, the Continuous Monitor declares the hard failure by shutting down

the offending channel and turning on the LED corresponding to the channel fail type. The

counting logic drops a count every other sample; for example, if the value (5) is loaded in

CNTRMAX and a continuous failure occurs, the hard failure will occur after the ninth

consecutive, identical bad sample. This algorithm effectively screens nuisance failures. The

count value CNTRMAX, is a variable and can be easily changed.

Meodel Compare. The Continuous Monitor compares the sum of the command signal and the

feedback signal with an identically summed model signal (MT1t5). If the voltage difference

exceeds a predetermined limit (35 percent of full scale input voltage) for a predetermined

number of samples (9), the Continuous Monitor declares a failure by shutting down the

offending channel and turning on the corresponding failure-indicator LEDs. The values in

parenthesis represent the processor default values for these two variables.

Currcent Compare. Each channel drives two opposing coils. The Continuous Monitor compares the

drive currents through each coil (MTH5). If the current difference exceeds a predetermined

value (0.5 amperes) for a predetermined number of samples (9). the Continuous Monitor will

declare the failure by shutting down the offending channel and turning on the corresponding

LEDs.
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Program. The program for the Logic Processor was written in 8085 assembly language and

performed the functions as indicated in structure chart of Figure VI-27. The following is a

table of contents for the program. The program itself appears in Appendix A-3.

Table VIY-. F- 16 program descriptive table of contents.

START UP PROCEDURES

OEOO Auto Jump
F048 Z-Assist Monitor Routines
0001 Analog Access (address labels)
0040 Masks; Switch & Thumbwheel Switches; Fail Injects
0100 Jump Table (default data)
0200 Data Base (thumbwheel data)

INITIAL PROCEDURES

0300 ASCX 16 Bit Subtract (absolute value)
0309 AREAD Analog channel in to accumulator (A) and out

with value in (HL)
0319 MATHI

through 19 Math procedures (compares, subtracts and
logicals)

0400 MATHFS
0403 INITIALIZE Stores counters, zeros accumulator and performs

Z-80 block moves
0438 DELAY1 Fixed delay value
043B DELAY Decrementing loop
0444 STCHECK Determines the correct channel and performs the

self-test model, gain/sign and zero input
current checks using the CH(n)ST, CH(n)TC,
DELAY, AREAD, MAT'H(n) and FAIL(n) procedures

0648 CHCHECK Determines the correct channel(CK(n)) in the
continuous-monitor mode, moves in the analog
data for each channel using AREAD, calls CKO to
do model current compares using MATH5, calls the
FAIL(n) procedures and finally returns the fail
count and type to the Continuous Monitor
(CHK(nn)}

06F2 FAILC Current failures Ch3, Ch2 & Chi
074A FAILS Gain/Sign failures Ch3, Ch2 & Chl
07A2 FAILM Model failures Ch3, Ch2 & Chi
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Table VI-i. F-16 program descriptive table of contents (continued).

MAIN PROGRAM

07FA MAIN Program beginning, calls INITIALIZE and sets up
variables, etc

080A LOOP 1 Reads the self-test switch and calls the SELF
TEST or CONTINUOUS MONITOR procedures

SELF TEST PROCEDURE

081B SELF TEST Clears flags, moves and sets counters, turns
LEDs off and turns off all channels and calls
procedures STCHECK and DELAY

087F ST7 Turns on the pass LED, polls the self-test
thru switch, sets up channels 1-3 and performs the
ST40 current self-08AC test using the monitor section

and PWM fail inject (OC7)

CONTINUOUS MONITOR PROCEDURE

08AE MONITOR counts failures using procedures CHKFLG, CNTR
0-3 and FLIP

0904 CHKI Determines the correct channel, compares fail
counts with the number of failures allowed and
calls the hard fail procedures HFIM (model),
HF1C (current;) arid HFl (channel failure), else
jumps to CHKII

095E CHKll Calls CHCHECK
0966 CHK2 Same as CHKI for channel 2
09B4 CHK22 Calls CHCHECK
09BC CHK3 Same as CHKI for channel 3
OAOA CHK33 Calls CHCHECK
OA]2 CHKO Calls interrupt HANDLER, resets system, turns

off LEDs, resets failed flags, restores
counters, compares data addresses and back to
the contintious monitor if valid; else changes
data (Is, 10s, & 100s), converts data from
decimal to hex, stores data and jumps back to
continuous monitor
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Table VI-I. F-16 program descriptive table of contents (concluded).

FINAL PROCEDURES

0A96 HANDLER Handles interrupts, saves present LED status and
sets up to read the thumbwheel switches

OAD9 DUMP Active for debug and channel determination for
FAIL(n) procedures

0BOB SPACE Calls CONOUT (one of the Z-80 assist monitor
routines)

0BII END
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[I!. GENERAL TEST PROCEDURE

The following general test procedure was used for evaluating the demonstration system. This

procedure defines the measured parameters and states the general method used in making ihe

measurement. The procedure is divided into the following categories:

I. Performance Measurements

2. Failure Effect on Performance

3. Failure Transients

4. Failure Logic Detection Characteristics

Performance Measurements

Performance measurements are measurements of the output to input characteristics of' a control

device and can be defined in part by the following terms and procedures:

Static Threshold. The minimum input change from :ero level which caW.5(. a measurahl' outlpt

change.

Procedure: Apply a slowly increasing f input until a measurable output change occurs.

Repeat for - input. Threshold is indicated by the minimum input change for a measurable

output change.

_)ynamic Threshold. The input Il (at a particilar frequencyr) required to cnu.%e a mea.xurt4h'e
output e''el.

Procedure: A sinusoidal input at a selected frequency of 50 percent of the bandpass of the

actuator is applied to the actuator. The amplitude of input to create a measurable ootput

indicates the dynamic threshold. The bandpass of the actuator is defined as the frequency

at which -3 dB amplitude or 90' phase shift occurs (whichever is lower in frequency).
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Freauency Response With a sinusoidal actuator input, the frequencY response of the acluator is the

relationship of the output to input expressed as an amplitude ratio and pha.se angle as a

function of frequncyv.

Procedure: Apply a sinusoidal input of an amplitude which is:

a. large enough to minimize the nonlinearity distortions of threshold and hysteresis

b. small enough to avoid velocity saturation in the frequency range of interest. [lhe

ratio of output amplitude to input amplitude and output phase angle relative to input

is recorded.

The plot of the amplitude ratio and phase indicate the frequency response.

Linearity The deviation of output versuls itput from a vtraight line relationship.

Procedure: Apply an input from - to + maximum input while recordinp the corresponding

output position. L.inearity is indicated by the deviation of the plotted output versus input
from a straight line drawn between zero and a point which minimizes the maximum devintion

of the plotted curve from the straij, iii line. Repeat for + input to- input.

i lstrsis 7Tie non-coincidence of loading anid unloading curves.

Procedure: Apply a slowly varying input to the actuator at up to I percent of the maximum

input in the following sequence while recording the actuator output position:

I. 0 to + direction input

2. + input to - direction input

3. -. input to + input

Repeat for an input up to 10 percent of the maximum input. From the plot of output versus

input, the hysteresis is indicated by the difference between + direction actuator output

position and - direction output position for the same input level.
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Time Response

Saturation Velocity. The maximum ve'ocilyv at which the actuator is capahle of moving inl each

direction.

Procedure: With the actuator at zero position, a maximum amplitude input is applied to the

actuator while the actuator motion vows time is recorded. The test is conducted for both
directions of actuator motion. The slope of the position vows time record indicates the

saturation velocity.

Step Respionse. The time response of the actuator output to an applied .ýtep input.

Procedure: Apply a step input to the actuator and record the corresponding actuator motion.

The amplitude of the step should be:

a. large enough to minimize the nonlinearity distortion of threshold and hysteresis

b. small enough to avoid velocity saturation.

Failure Effects On Performnance

Failure Effect. The change in the performance of a redundant actuator duc to input failures or
internal failures of actuator complneilt.-.

Procedure: Inject hydraulic or electrical input failures into the actuator under test to cause

it to operate in its failure operational modes. For each mode, measure the performance by
repeating the Performance Measurement tests. The input levels should be maintained at those

used for the no failure performance tests, unless the performance changes dictate different

levels in order to obtain reasonable test data.

Failure Transients

Electrical Failure "ransients. 7'he change in actuator output during failure corrective action due to

electronic input failur,.% ctau~ising tran./fer front one operatjonal mode to anot her.
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Procedure:

a. Apply !i slowly changing input to one control channel of the actuator. Record the actuator
output change during the corrective action of actuator. Repeat the test for each control
channel input and failure mode condition. Repeat for a hardover step input.

b. Apply a sinusoidal input to all channels. Ground each input while recording actuator
output.

Hydraulic Failure Transients. The change in actuator output during failure removal corrective action
due to hydraulic input failures causiing transfer from one operational mode to another.

Proced u re:

a. Apply a decreasing hydraulic input it) one control channel of the actuator. Record the
output change during the corrective action of the actuator. Repeat the test for all hydraulic

inputs.

b. Repeat the preceding test with a rapid decrease of hydraulic input pressure.

Failure Logic Detection Characteristics

Logic Detection Characterit. T"he difference in multiple input linue histories which will cause'
failure logic to declare a failure.

Procedure:

a. Static Failure- Detection Level

Apply a slowly increasing ramp signal to all inputs. Ground one input as the input crosses
zero and determine the input voltage difference that is present when a failure occurs. This
voltage expressed as a percent of the input for maximum position and as a percent of the
input for maximum rate is th the fadure-dctection level.
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b. Dynamic Failure-Detection Level

Apply a slowly increasing input to one channel of the system at frequencies from DC to a
frequency at which the system response is attenuated by at least 15 dB. The other channel
inputs are maintained at zero levels. The voltage at which the channel is declared failed,

expressed as a percentage of the input for maximum position and a percentage of the input

for maximum rate is the dynamic failure-detection level.
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IV. SPECIFIC TEST PROCEDURES

System Setup

For all tests, each channel's failure-detection level for the model and control channel's error voltage

comparator was set at voltage differences which corresponded the error voltage to produce a valve

motion of 35 percent of the total servovalve stroke. The use of this value for the system operation
was verified by performing one complete series of input testing to establish that nuisance disconnects

did not occur. Note that for the F-16 direct drive actuator, the minimum error voltage detection

level without nuisance disconnects is determined by the command and feedback voltage tracking

between just two pairs of feedback and command voltages (not three or more required if cross

channel voting had been used). The 35 percent of spool deflection (maximum rate of the actuator)

had been successfully used previously for the F-4E direct drive flight test system.

For the Phase I1 testing with the microprocessor, the failure-detection level was also set at 35 percent

of the spool stroke. The failure logic was set to declare a failure after 9 consecutive failures were

detected (failures being error voltage differences which exceeded the 35 perceni detection threshold).

This value gave a failure-detection time delay of 12.6 milliseconds and a failure amplitude detection

characteristic with error voltage frequency which was flat up to 10 liz. The failure logic setting was

established after a series of tests documenting the detection level vows frequency characteristics for

different failure declaration settings. The use of this value for the Phase II testing was also verified

by performing one complete series of' input testing to establish that nuisance disconnects did not

occur.

Specific Test Conditions

The general test procedures listed in the previous section were used for the Phase I and Phase II tests.

The application of these tests was as listed in the Table VI-2 following. Not all tests used for the

Phase I testing were repeated for the Phase II portion of the evaluation (since the system changes

for the Phase i1 could not affect the test results).

"A" suffix on test condition number - Analog Controller

"B" suffix on test condition number - Microprocessor Control

Test conditions I through 28 describe the operating conditions for the test system.
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Test conditions I through 5 define the operating modes of the F- 16 direct drive actuator, both for
normal and after failure conditions. The entire series of performance measurements were run for

each of these operating modes.

Test conditions 6 through 28 are the failure transient tests. These test conditions define the method
of testing for output changes with specific input failures.

Table VI-2. Test conditions for the F-16 Direct Drive Actuator.

Condition

Numbers Jest Conditioin

Operational odes - Performance Tests

I Channels I, 2 and 3 active
2 Channel I failed, Channels 2 and 3 active
3 Channels I and 2 failed, Channel 3 active
4 Channels I, 2 and 3 active - PI failed, 112 active
5 Channels I, 2 and 3 active - PI active, P2 failed

Hardover Failure Transients

6(A&I1) Apply a positive hardover voltage sequentially to Channels I A, 2A and 3A with the
system at null.

7(A) Apply simultaneous positive then negative 3.0 volt steps to Channels IA, 2A, and 3A
with the system at null.

8(O) Ground inputs to Channels Ili, 211 and 3B simultaneously with the system output at
75 percent extend.

9(B) Ground inputs to Channels 111, 213 and 3B simultaneously with the system output at
75 percent retract.

Slowover Failure Transients

10(A) Apply a 0.40 V peak, 0.3 I z ramp input to all (6) channels and ground Channel IA
as the slope crosses zero.

I I(A) Apply a 0.40 V peak, 0.3 lIz ramp input to Lill (6) channels and ground Channel 2A
as the slope crosses zero. (Ch. I failed)

12(A) Apply a 0,40 V peak, 0.3 Ilz ramp input to all (6) channels and ground Channel 3A
as the slope crosses zero. (Ch. 1,2 failed)

13(B) Apply a 0.30 V peak, 0.03 Ilz rnnip input to all (6) channels and ground Channel IA
as the slope crosses zero.

14(B) Apply a 0.30 V peak, 0.03 lIz rarop input to all (6) channels and ground ChannI 2A
as the slope crosses zero. (Ch. I failed)
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Table VI-2. Test conditions for the F- 16 Direct Drive Actuator (continued).

15(B) Apply a 0.30 V peak, 0.03 I.Iz ramp input to all (6) channels and ground Chnnnel 3A
as the slope crosses zero. (Ch. 1,2 failed)

Dynamic HIardover Failure Transients

16(A&B) Apply a positive hardover voltage sequentially to Channels IA, 2A and 3A with the
system operating at 0.3 HZ with a 1.5 V peak input amplitude.

i 7(A&B) Apply a negative hardover voltage sequentially to Channels I A, 2A and 3A with the
system operating at 0.3 HZ with a 1.5 V peak input amplitude.

18(A&B) Ground Channels IA, 2A and 3A sequentially with the system at S0 percent extend,
operating at 0.3 HZ with a 0.8 V peak input amplitude.

19(A&B) Ground Channels IA, 2A and 3A sequentially with the system at 50 percent retract,
operating at 0.3 HZ with a 0.8 V peak input amplitueo.

Pressure Failure Transients

20(A) Apply a 0.160 V peek, 0.1 HZ ramp input to all (6) chnnnels and reduce PI rrom 3000
psi to zero with P2 at 3000 psi. Then reduce P2 from 3000 psi to zero with PI at 3000
psi.

21(B) Apply a 0.160 V peak, 0. I HZ ramp input to all (6) channels and reduce P11 C'rom 3000
psi to zero then reduce P2 fromn 3000 psi to zero. Restore P2 to 3000 psi then PI to
3000 psi.

22(B) Apply n 0.160 V peak, 0.1 ilIZ ramp input to all (6) channels and reduce P2 'rom 3000
psi to zero then reduce PI from 3000 psi to zero. Restore PI to 3000 psi then P2 to
3000 psi.

Current Failure Transients

23(B) Apply a hardover to the servodriver (via OC-7) to Channels I, 2 and 3 sequentially.

24(B) Apply a hardover to the servodriver (via OC-7) to Channels I, 3 and 2 sequentially.

2;(B) Apply a hardover to the servodriver (via OC-7) to Channels 2, 1 and 3 sequentially.

26(B) Apply a hardover to the servodriver (via OC-7) to Channels 2, 3 and I sequentially.

27(B) Apply a hardover to the servodriver (via OC-7) to Channels 3, I and 2 sequentially.

28(B) Apply a hardover to the servodrivcr (via O('-7) to Channels 3, 2 and I sequentially.
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Deviations And/Or Additions To The General Test Procedure

Because the Logic Processor was not designed as a failure tolerant control device, no testing of the

failure effects of the microprocessor itself was attempted. The intent of the Phase II evaluation was

to determine the performance potential of the microprocessor as a failure monitoring and correcting

device.

Measurement of the static threshold was accidentally omitted from the tests conducted on the nominal

performance of the F-16 direct drive actuator. However, dynamic threshold tests (at input

frequencies of 50 percent of the bandpass of the actuator) were run. Based upon previous tests of

the general DDV configuration (as documented in technical report AFFDL-TR-77-91), the static

threshold for the general configuration is no greater than the dynamic threshold.

Test Hardware Setup

Figure VI-28 is an overall view of the test hardware as installed for the performance testing. The

F-16 direct drive actuator was mounted in the General Purpose Actuation Test Rig (GPATR) in the

Actuation Laboratory, Building 145, WPAFB, Ohio. The control electronics were installed on a table

in front of the actuator, The GPATR was used as holding fixture for the actuator testing and the

GPATR's loading actuator was not connected to the F-16 direct drive actuator.

Figure VI-29 shows the mounting method of the F-16 Jirect drive actuator in the GPATR, The

actuator was mounted as a moving body actuator with the rod end attached to a stationary slug. An

additional position transducer to measure the actuator position was mounted below the control system

feedback transducers. A 3000-psi hydraulic supply was connected through separate shutoff valves

to each of the actuator's hydraulic system ports. As shown in this figure, the control cable from the

electronics to the actuator is at the left of the figure. A cable of 34 individual wires (12 for the force

motor, 18 for the potentiometers and 4 for the solenoid valves) was required for operation of the

actuator.

Figure VI-30 shows the four electronic units of the F-16 direct drive actuator investigation as

assembled on the table in front of the actuator. The pilot's monitor on top of the power supply is not

connected to the control electronics box in this figure. The system had been setup for the Phase II

investigation when the photograph was taken. Note that the power cables from the power supply are

connected to the control electronics box on the front panel and are routed behind the control

electronics box for the figure.
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V. TEST RESULTS

In order to reduce the volume of test data presented in this section, much of the performance

measurement data has been reduced to tabulated form. The principal exceptions are the results for

step response and failure transients. Since time response characteristics are not well defined by listing

only one or two characteristic values, the step response mneasurements and the failure transient

measurements are presented as recorded. Also presented in graphical form is the data taken for the

measurement of input/output linearity. The results are presented in tabulated form for the following

tests:

I. Dynamic Threshold

2. Hysteresis

3. Frequency Response

For the test results reduced to tabular form, a sample of representative recorded data is included for

the test.

In presenting the measurements of threshold and hysteresis, the results are given both in percent of

the input for full actuator stroke and percent of the input for full valve stroke. In terms of the full

actuator stroke, the percentage value for a given amount of hysteresis decreases as the maximum
stroke of the actuator increases, Presenting percentage in terms of the input for maximum control
valve stroke shows the threshold and hysteresis characteristics better in terms of comparing different
control valve driving mechanizations, independent of the stroke sizing of the power actuator.

The failure transient data is presented in the strip chart form as recorded. For each figure, the

general arrangement of the data is from the top of each figure down:

a. Channel Inputs I through 3 (Eia)

b. Channel Failure Indicators I through 3
d. Actuator Position (Xout)

The channel inputs are used as failure injection points for the test system. The actuator position trace

shows the effect of the injected failure on the system output, The "failure indicate" time traces show
the state of' the voltages used to drive the failure indicators for the three actuator channels. Note that

the failure indicate traces do show individual control channel status and are in series with the display

lights on the front panel of' the microprocessor. The test conditions 6 through 28 define both the
initial operating status of' the system and the input voltage changes used to cause the system to change
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operating status, The "A" and "B" designations associated with the channels (IA, 2B, etc.) indicate

the active or the monitor section inputs of a control channel. For example, a failure Input to IA
indicates that the input controlling the servoamplifiers was failed. A failure input to IB indicates
that the input used for the monitor section of the channel was failed. The general order of the

performance data presentation is:

a. Dynamic Threshold Test Conditions I through 5

b. Hysteresis 1% Input Test Conditions I through 5
c. Hysteresis 10% Input Test Conditions I through 5
d. Linearity 110% Test Conditions I through 5

e. Frequency Response Test Conditions I through 5
f. Step Response Test Conditions I through 5

g. Saturation Velocity Test Conditions I through 5

Note, as listed previously, test conditions I through 5 were:

Test Condition ]Descrintion

Channels 1,2 and 3 active

2 Channels I failed, Channels 2 and 3 active

3 Channels I and 2 failed, Channel 3 active

4 Channels 1,2 and 3 active, PI failed, P2 active

5 Channels 1,2 and 3 active, Pl active, P2 failed
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Dynamic Threshold Results

Figure VI-31 shows the data recorded in establishing the dynamic threshold for test condition 1. The

data shown is representative of the data recorded for test conditions 2 through 5. Note that on Figure

VI-31, the start of motion and tracking of the input waveform is well defined. The frequency for

the input signal is 13.5 Hz and is nominally half the frequency where the actuator exhibits a -3 dB

amplitude ratio when operating in this test condition. Table VI,-3 lists the measured threshold inputs

for all the test conditions, Note that the threshold for all test conditions is under 0.35 percent of the

maximum input. The threshold increases slightly from test condition I through 3, reflecting the

lower force gain as fewer control channels are used. The threshold for conditions 4 and 5, with only

one hydraulic supply operating, are the lowest of the five different operating conditions. This

indicates that the spool breakout friction is a function of the hydraulic pressure applied to the control

valve.

DynamXo, threshold is not a specific performance measurement for the standard F-16 ISA. However,

the specification for the F.-16 ISA (General Dynamics specification No. 16ZHOOIF, 2 August 1978)

uses an envelope of deviation for the output to input relationship. At zero input, the envelope allows

a deviation of ± 1.25 percent (of maximum input). The 0.35 percent threshold measurement for the
F-16 direct drive actuator is well below the 1.25 percent deviation limit, The static threshold was

not measured for the F-16 direct drive actuator. However, based upon measurements of the F-4E

control valve, the static threshold will not be greater than the dynamic threshold.

Hysteresis Test Results - 1 Percent Command

Figure VI-32 is a plot of the hysteresis performance or the F-16 direct drive actuator with a I

percent command input and the actuator operating in Condition 1. This figure is representative of

the data recorded for Conditions 2 through 4 with a relatively open hysteresis loop, Figure VI-33

is the data taken for Condition 5, with only Pi pressure supply operating. The hysteresis value (the

difference in the envelope between the extend and retract motions) is less than conditions 3 and 4.

However, the actuator exhibits hunting within the hysteresis loop, a behavior not exhibited in the

other four operating conditions. This hunting has been observed with other fly-by-wire actuators,

including the normal F-16 ISA (specification No. 16ZHOOIF requires that in mode Ill, the periodic

oscillation should no uxceed 0.35 percent of the rated output stroke). The measured amplitude of

.09 percent of the actuator stroke for the hunting of the F-16 direct drive actuator in condition 5 is

significantly below the 0.35 percent of actuator stroke allowed for the normal F- 16 ISA.
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TEST DATA

TEST ITEM: F-16 Direct Drive Servoactuator Date: 11-14-86

TEST: Dynamic Threshold - Condition 1

ACCUC

1 4 ...--- --- F- 1-A- 1 4 4- 4-- 4--

Scale

-i .002 v/div

-O~ .0011 in/div

t -50 div/sec

Freq -14.0 Hz

Figure V11-31. Dynaumic thireshiold - conditioti 1.
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Table VI-3. Dynamic threshold.

TEST ITEM: F-16 Direct Drive Actuator Date: 3-26-86

TEST: Dynamic Threshold

Test Dynamic Threshold
Condition Peak to Peak

Input Volts % of Max % of Ev Max
Input

1 0.017 0.21 3.53

2 0.020 0.25 4.15

3 0.025 0.31 5.19

4 0.005 0.06 1.04

5 0.011 0.14 2.28
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Table VI-4 lists the measured hysteresis for the I percent command input in terms of the actuator

maximum input and the input to achieve maximum spool deflection in the normal -.perating

(condition 1). Note that the hysteresis loop amplitude remains at or below 0.10 percent of the
maximum actuator input (or output stroke) for all the operating conditions. In terms of the input for

maximum spool stroke, the maximum hysteresis is 1.66 percent for any of the test conditions.

Hysteresis Test Results - 10 Percent Command

Figure VI-34 shows the hysteresis data for operating condition I with a 10 percent input. This data

is representative data for conditions 2 through 5 with the same input. The hysteresis amplitudes as

listed in Table VI-5 are slightly larger than with a I percent input command. However, the value

in terms of' maximum input is well within the ± 1.25 percent deviation limit for the F-16 ISA.

Linearity Test Results

Figure VI-35 is a linearity plot of the F-16 direct drive actuator to an input command of 110 percent.

The actuator position linearity is determined by the feedback transducer linearity (which for the film

potentiometers used for the F-16 direct drive actuator are better than 0,5 percent). Figure VI-35

does show some hysteresis during the retract stroke (nominally 0.9 percent of maximum stroke, well

within the linearity deviation allowed for the F-16 ISA). The figure is representative of the data

recorded for test conditions 2 through 5. However, although the linearity was unchanged for

conditions 4 and 5, the hysteresis loop was eliminated, indicating a reduction in spool friction when

operating with one supply pressure.

Frequency Response Test Results

Figures VI-36 and VI-37 show the amplitude ratio and phase response of the F-16 direct drive

actuator operating in condition I. The response is measured with a 3 percent input. The frequency

response shown is representative of the measured response in op..ating conditions 2 and 3, The

response has a flat amplitude response with no peaking to above 20 Hz. The amplitude response is

attenuated by 3 dB at 28.7 Hz. As shown on Figure VI-36, the amplitude ratio slope below 0.5 liz

reflerts a DC output component from the position transducer used to measure the actuator position,

The slope does not reflect the frequency response of the actuator but the characteristic of the

response analyzer which tries to measure frequency response to zero frequency. Note, because the

F- 16 direct drive actuator is a fly-by-wire actuator with electrical feedback, the frequency response

k easily changed by changing the gain of the control electronics. The response shown was a result

of adjusting the loop gains of the control channels to obtain the highest frequency response amplitude

peaking in the normal operating condition. This response is significantly higher than the normal
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Table VI-4. Hysteresis - I percent command.

Test Inches Input Volts % of Max % of EY Max
Condition Input

1 0.0033 0.0066 0.08 1.37

2 0.0026 0.0052 0.07 1.08

3 0.0040 0.0080 0.10 1.66

4 0.0040 0.0080 0.10 1.66

5 0.0035 0.0070 0.09 1.45

Table VI-5. Hysteresis - 10 percent command,

Test Inches Input Volts % of Max % of E. Max
Condition Input

1 0.0049 0.0098 0.12 2.03

2 0.0087 0.0174 0.22 3.61

3 0.0106 0.0212 0.27 4.40

4 0.0059 0.0118 0.15 2.45

5 0.0039 0.0078 0.10 1.62
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ISA's response at 2 percent input which exhibits an amplitude response which is - 3 dB at 3.7 1l7z and

a phase response which is - 90" at 3.5 Hz. Figures VI-38 and VI-39 show the amplitude ratio and

phase response for condition 4 with one of the hydraulic supplies failed. For this condition with

the 3 percent input, the amplitude response exhibits 6 dB of peaking at 20 HIz, indicating a redtiction

in damping with loss of a hydraulic pressure. The response resembles a second order system with a

damping ratio of 0.2. The tesponse for condition 5 is identical to the condition 4 response. The

cause of the peaking is due to an increase in the flow gain of ihe control valve as a result of the

hydraulic supply failure reducing the flow forces on the control valve. Since part of the force output

from the force motors i-k used to overcome the flow forces, a reduction of the flow forces (to one half

with a hydraulic supply failure) allows the valve to move father with the same force input. The

results in a flow gain increase for the remaining operating section of the actuator. Since the response

was established with lower flow gain (PI and P2 operating) for condition I, the gain increase (with

condition 4 and 5) results in a peaking of the frequency response.

"Table VI-6 lists the frequency response for each test condition in terms of the frequency at which

- 90* phase angle and - 3 dB amplitude ratio occur. Note that for conditions I through 3, the

frequency response degrades as the control channels are failed. Hlowever, even for condition 3 with

one channel operating, the frequency response is more than twice the norma! F- 16 ISA. The higher

response for conditions 4 and 5 reflects the amplitude peaking corresponding to an apparent reduction

in damping with those operating conditions. As previously mentioned in the mechanization approach,

if a more constant response with channel failures is required, appropriate electronic roll-off filkers

can be used in series with the command inputs to establish a lower response for the actuator. The

input filter response, being lower than the actuator response in all the operating modes, will

determine the response of the actuator.

Figures VI-40 and VI-41 show the amplitude and phase response of the 1:.16 direct drive system

with a 10 percent input and operating in condition I. The amplitude rwsponse measurement starts

at 0.5 Hz, eliminating the measurement of the DC output of the position potentiometer used to

measure the actuator position. All of the response plots for conditions 2 through 5 resemble these

figures with no peaking and a gradual roll off. The peaking associated with the 3 percent input and

conditions 4 and 5 does not appear with the larger amplitude inputs. Figures VI-42 and VI-43 show

the frequency response for condition 4. The frequency response of condition 5 is identical. The

response is more extended than that of condition I, as would be expected from the previous 3 percent

input response measurements.
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lable VI-6. Frequency response - 3 percent input.

Test Condition Frequency for -3 dB Frequency for -90O
Amplitude Ratio Phase Angle

1 28.7 17.6

2 20.5 14.9

3 8.7 10.4

4 34.2 20.3

5 34.3 20.3

Table VI-7. Frequency response - 1O percent input,

Test Condition Frequency for -3 dB Frequency for -90'
Amplitude Ratio Phase Angle

1 18.8 15.1

2 11.1 13.4

3 5.7 9.7

4 25.5 16.3

5 23.6 15.7
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Table VI-7 lists the frequency response for each test condition in terms of the frequerncy at which

- 90' phase angle and - 3 dB amplitude ratio occur. As for the 3 percent input, for conditions I

through 3, the frequency response degrades as the. contiol channels are failed. The respor e is lov!er

than with the 3 percent input, but is still maintained well above that of the standard F- 16 ISA.

Step Response

Figures VI-44 through V1-48 show the step response characteristics for the F-16 direct drive for

operating conditions I through 5. The input amplitude of' the step was 0, 16 volts or 2 percent of'

the total command voltage of 8 volts. Both extend and retract direction step response is shown.

Figure VI-44 shows the step response when operating in condition I, Note that there is a 1.5

millisecond time delay between the start of the application of the step and start of motion Ior holh

the extend anti retract motions. The recording of' the applied step show,, a slight slope. This is clue

to the response limitations of" the Lien recorder used to docunment fhe step response. Including the 1,5

millisecond time delay, the tine to aeach 50 percent of thlie final output value is 5A I n lliseconds, The
step response shows very little over.0hoot (nomainally 2,5 percent) and no ringing, rhe time to reach

95 percent of' the final value (including the initi:al time delay) is ) mnillisecoonds f'or the extend motion

and 10 milliseconds for the extend motion.

ligure VI-45 shows the step response aftei channel I is turned off. Ihe time response is similar to

operating in condition I. The initial time delay is still 1-5 milliseconds. The time to reach 50 percent

of' the final value is 5,5 milliseconds for the extend and retract motion. The time to reach 95 percent

of the f'inal value is 10 milliseconds for the exten(d and 12 milliseconds for the retract motion, The

overshoot is nominally 2.5 percent and there is no ringing for either the retract or extend motions,

Figure VI-46 shows the step response in the iwo fa'il--operite mode of' condition 3. The time delay

is increased to 2 milliseconds. The time to il ach .50 percent of the final value after application of

the step is 8 mnilliseconds for thie retrract motion and 9 milliseconds for the extend motion. The

overshoot for the extend motion is 1 .5 percent with a' corresponding I percent undershoot 50

milliseconds an'•er the peak ovcrshoot. ' he retract motion exhibits a 2.5 percent overshoot and no

undershoot. The time to reach 95 peacewit oft he fin al value is I 5 milliseconds for the extend motion

and 18 nmilliseconds for the retract motion, Tfhis slower response is c(onsistent with the reduction in

force gain as the control channels driving the actuator are failed,

Figure VI-47 shows the step response with one hydrahulic system (III failed). The response shws

slight ringing with an amnplitude of the ringing no girenter than 2.5 percent of the step nniplilude.

'[he time to reach 50 percent of' the I'inil value is i millise'conds for the extend motion, 'lhe exltend
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TEST DATA

Test Item - Dynamic Controls, Inc. Dater
F-16 Direct Drive Prepared: jj]AL3&
Servoactuator

Test -Step response -Channel 1 ,2,&3 Operating

-t -*P 1 ,P 2 Operating -t

Tt H I 14

Iiin

out: -F F. 1 Fid

F F F ~ ~t. = loo( div/sec F'IFF I~

F Ix x I I++i1 B
1 F I ~outI~Y out F

E xtend Retract

Figure VI-44. Step response - condition 1,
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TEST DATA

Test Item - Dynamic Controls. Inc. Date 1
F-16 Direct Drive Prepared: 11-14-86
Servcaactuator

Test -.Step respot1~e C haninel I Failed, Channels 2,3 Operating

4.~ -imSt I A_~It-

:T Tiýi f

in n. . ~ -

PI hit it.' 11 1 i 1[i11:il

E o.02 v/div

XEt. 0.021i/i

1L 100o div/sec

outitt~

4 4 4 4 $ 4 4 1 4 4 1 j I I I I 4 1 .4

Extend Retract

Figuie V11-45. Step response - condition 2.
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TEST DATA

Test Item - Dynamic Controls, Inc. Date I
F-16 Direct Drive Prer- ed: 11-14- 6
Servo. ctuator

Test -Step response -Channels - 1,2 Failed, Channel 3 Operating
t ~P 11P2 Operating

innedi U.n.

-1-HHi E =002v/iv 1111l

i nI
11 0.011 i n/di

E = 10.02 div/Isec.

out Xout ;I i

Figureli~l tI46 Ste resons -dition 3
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TEST DATA

Test Item - Dynamic Controls. Inc. Dateý
F-16 Direct Drive Prepared: 1114-
Servoactus tor

Test -Step response -Channels 1,2,3 Operating
t P IFailed, P 2 operating t-:

E.l Hillvdi 11111

E 10.02 div/e

LIM Hil11111111111 xoutou

Exen Retractc111111 Hl

Figure] VI111 Step1 resons 11condition4.
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TEST DATA

Test Item - Dynamic Controls, Inc. Date!.
F-16 Direct Drive Prepared: -11-14-
Servoactua tar

Test - Step response -Channel 1 ,2&3 Operating

t~ P1I Operating, r 2 Failed

E. E..2 /i

in 102 dv/sec

outut

-- I IN -h - till---

Extend Retract

Figure VI-48. Step response - condition 5.
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motion exhibits a 3.7 percent overshoot. The time to reach 95 percent of the final value for the

extend motion is 9.5 milliseconds. The retract step response times are similar, being 4.5 milliseconds

for 50 percent of the final value, 8.5 milliseconds for the time to achieve 95 percent of the final

value. The slight ringing is consistent with the frequency response measurements for the same

operating condition.

Figure VI-48 shows the step response with hydraulic system P2 failed. The response times are

similar but not identical to operating condition 4 with PI failed, The time to reach 50 percent of

the final value is 6 millisecond for extend motion and 5 millisecond for retract motions (including

the 1.5 millisecond time delay). The time to reach 95 percent of final value is 9 milliseconds. The

extend and retract motions both exhibit slight overshoot (3.75 percent for extend motion, 2.5 percent

for retract motion) and undershoot (2 percent for extend motion, 1.3 percent for retract motion).

All the step responses show a well-behaved control. The gradual increase in response times between

conditions I through 3 is consistent with the reduction in flow gain with failure of the control

channels.

Saturation Velocity

Figure VI-49 is the data recorded in order to establish the saturated rate for the F-16 direct drive

actuator in condition 1. As shown on this figure, the actuator is positioned at one end of the stroke,

either full retract or full extend. The input voltage changed to command the actuator to move to

other extreme position. Note that the input voltage change is 8 volts and the actuator stroke change
is 4.13 inches. This figure is representative of the data recorded for all operating conditions, As

shown on this figure, there are two distinct slopes for the actuator rate. The change in slope was

caused by the pumping system used to power the actuator. The pumping system used an accumulator
to handle peak flow demands. The maximum rate of the F-16 actuator requires more flow than the
hydraulic supply system could deliver continuously. After the accumulator is discharged (as the

pressure output of the pump drops off with demand), the pump head continues to fall rapidly until

the pump delivery volume and the flow demand of the actuator at that supply pressure are equal.
This is the second slope of the rate curve and corresponds to a rate limiting of the actuator by the

pumping system. Table VI-8 lists the extend and retract rates for each of the operating conditions.
The values used are the initial slopes from the recorded data.

As shown in Table VI-8, the saturation or slew rate degrades between conditions I and 3, reflecting

the loss of control channels. Conditions I and 2 meet the F-16 ISA design slew rates, Condition 3

does not meet the slew rate requirements (with the slew rate nominally 80 percent of the condition
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TEST DATA

Test Item - Dynamic Controls, Inc. Date
F-16 Direct Drive Prepared: 11-13-86
Bervoactuator

Test - Saturation Velocity -Channel 1,203 Operating
tP 13P, Operating ___

Exted Retract1: 1111

inni

Iut I0t In/diN

Eti - 5.0 dv/sec

Figure VI-49. Saturation velocity - condition 1.
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I and 2). This indicates that the single channel force output is slightly low. This characteristic could
be changed by decreasing the spring rate of the force motor suspension. However, the correction
could be made easily without any mechanical modification by increasing the maximum current out
of the servoamplifiers. The servoumplifiers are not voltage-limited and the force output can be
increased by changing the external current-limiting resistors to increase the servoamp current limit
by 20 percent. The power op amps and power supplies were used at less than 75 percent of their

design rating for the F- 16 direct drive actuator and could easily accept the change.

As assembled for test, the spool stops for the control valve were not adjusted to limit the stroke of

the control valve to that necessary to achieve the 5.5 inch/second slew rate. For conditions 4 and

5, the slew rate is greater than that for condition 1. This is because part of the force motor's output

is used to overcome the spring rate of the suspension and part to overcome the flow forces of the

control valve. The system was designed with a '0-50 split between the centering spriag force and

the flow forces. With one hydraulic system failed, half the flow forces are eliminated (and the

control valve can move farther with the same force input), increasing the control valve's open porting

area and therefore the flow through the valve. This effect is also the reason for the peaking

associated with the frequency response in operating conditions 4 and 5, as mentioned previously.

Adjusting the spool stops to limit the valve stroke will cau,.e the condition 4 and 5 slew rate to match

condition i.

Table VI-8. Saturation rates.

Test Condition Extend Rate Retract Rate
(in/sac) (in/sac)

1 5.56 5.88

2 5.30 5.56

3 3.71 4.28

4 7.20 7.42

5 7.42 7.42
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Hardover Failure Transients - Analog Monitor

The hardover failure transient allowed by specification No. 16ZHI00F for the F-16 IA is a time-
displacement curve with a area limitation of 0.700 percent-seconds and a requirement for a negative
slope after 0.08 seconds. One hundred (100) percent equals 2.125 inches for the F-16 horizontal tail

actuator used for the direct drive system.

Figure VI-50 shows the effect on the output of sequentially applying a positive hardover input into
channels 1, 2 and 3. The actuator is initially positioned at null with zero input. Positive 4-volt
commanO inputs are applied to the active section (IA, 2A, and 3A) inputs for each channel. Since
the monitor section's input of each channel remained at null, the hardover input appeared as a failure
to the failure-detection logic, causing the electronic switch to disable the channel by grounding the
input lines to the qervoamplifiers for the failed channel. As shown on Figure VI-50, the output
voltages to each channel's OC2 (reference Figure VI-17) have been connected to the chart recorder

and show when the electronic switch disconnects the failed input. OC2s are used to drive the channel
failure indicating lights in the pilot's monitor box. The actuator's output position is recorded on the
bottom trace of the figure. This trace shows that there is very little change in the output position
with the three channel failures. After the channel I failure, the actuator moves over a period of 2
seconds to a slight offset position 0.0053 inches from the initial position, This shift in position
probably reflects a slight force-fight between the control channels. No change in the output position
occurs after failure of channel 2. After the failure of channel three, the actuator transfers to the fail-

centered mode and moves slightly towards the centered position.

Figures VI-51 through VI-53 show the effect of both positive and negative hardover inputs applied
to each control channel. The time scale is expanded so that each division is .001 seconds. Figure
VI-51 shows the effect of the positive and negative hardover inputs into channel 1. The time delay

for the failure logic measures .002 seconds. Note that the actuator position trace at 0.106 inch per
division is relatively coarse compared to Figure VI-50. However, no position change is indicated
with either positive or negative hardover failures. Figure VI-52 shows the effect of the positive and
negative hardover inputs into channel 2 (with channel I failed). The fail indicator trace for channel
I shows that it has already •oen failed, Again the output shows no change upon the input failure.
Figure VI-53 shows the same test applied to Channel 3, the only operating channel. No output
change appears on the position trace for the actuator. These figures illustrate the effect of the rapid
fnilure-detection time. The hardover input failures are detected and the input removed before the

actuator can respond.
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TEST DATA

Test Item -Dynamic Controls, Inc. Dateý
F-16 Direct Drive Peae:1-08

Servoactuator Peae:1-08

Test - Hardover Failures - cor~dition 6
t-----------> t = 5 div/sec

UCHART" Go Id 1ýInq. Cleveland Ohio Printed in U.S.A.

ChannelI

Command
.20 v/div H11111

Chane 3

Channe1
ea l 2 

4 --
d.1. 

1 ..20 v/div M

Channel 2 .

.20 v/div 
4.MI

Channel 3
Fail Ind. 11HHl

1.0 v/div

1.00 in/div fl

FFaur Ind.O HaH!rfiue -cni.ol6
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TEST DATA

Test Item -Dynamic Controls, Inc. Dates

F-16 Direct Drive Prepared.-__1-12-86

Bervolactua tor

Test -+ & -hardovers into channel I - condition 7

~-~-+-±* -4-F __L NO10 div/sac

II E Input Conunand I
I ~flI I ill Channe I I A *-0.5 v/div 'i~

1-. 44 4 4.4 4 1I 1 1 4 . 4 41.

11 1 ~Fail Indicator I

~~Channel I I v/div +

F T7i T A I---1.

t

Figure VI-51. Hardover failures - condition 7 - channel I
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TEST DATA

Test Item -Dynamic Controls, Inc. Date)I
F-16 Direct Drive Prepared: 11- 12-86
Servoa ctua tar

Test - +* & H-ardovers into Channel 2, Channel I Failed - condition 7

ACCUCHART "
t o 10 ijv/sec

E. Input Coiltiand E.
in Charine I 2A -0.5 v/div i

-4 -4--i-+-4--41-

Fail Indicator
Channel I -I v/div

I + 44 f4-+

Fall Indicator
Channel 2 1 v/div iT

I 4- -4 f -~ 
4 Tj + -

Figure VI-52. Hardover failures - condition 7 - channel 2.
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TEST DATA,

Tlest Item~ - D~ynamiic Controls, Inc. Date$I

F-16 Direct Drive Yre pir ed: JI I- iZ-j

Servos ctuU tor

Test -+ & - Hardovers into Channel 3, ChannelI B I Z~ Fai leu ý;onitidui 7 t -

Gould Inc. Gki

f ~ t 1 0 0 d i v / s c e_ 
_ _ _

Inpiiit Command

"ij Litn." 1~umc 3A -0.5 v/div

L~~ I M1

Fail indicator

Channel 2I I v/div

F~ail. Indicator

tflChannel 3 1 v/div

Fai Iniao

x 0.16 indiv

1i V

Figure VI-53. Hardover failures - condition 7 -channel 3.
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The short time used for the failure detection was practical with the direct drive configuration without

nuisance disconnects. This is because there are no inherent dynamic differences in feedback or input

signals for the failure logic to detect. Had LVDTs been used for the position transducers, the

demodulation and filter circuits would have to be closely matched to avoid nuisance disconnects, For

some applications, a long failure-detection time is desirable. Inputs with transients riding on them

could create problems with the nuisance disconnects. The F-16 allowable failure transient envelope
will allow hardover failure-detection time delays of up to 60 milliseconds.

SIowover Failure Transients - A ialog Monitor

Figures VI-54 thro:-gh VI-56 show the data recorded to document the effect of applying slowover

failures on the output of the actuator, Figure VI-54 shows the effect of applying a 0.4 peak vo!t

0.3 Hz triangle waveform to all three channels and then grounding the ,hannel I A's input when the
ramp crosses zero. The actuator output shows no apparent waveform change with the input failure.

Figure VI-55 shows the same test with channel I failed and channel 2A's input grounded. Again

there is negligible change in the output motion. Figure VI-56 shows the effect of the third channel

failure using the triangular input. After the failure is detected, the actuator moves slowly to the

actuator position determined by the mechanical feedback linkage. Note that the input to channel 3B

continues after the grounding of the channel 3A's input, allowing detection of the failure.

Static Failure Detection - Analog Monitor

Figures VI-54 through VI-56 were also used to measure the failure-detection level of the analog

failure-detection logic. The change in the amplitude of the input voltage between grounding of the
active input of a channel and detection of the failure is the failure-detection level. As shown on

the figures (note that there is a small pen offset between channels), the measured failure-detection

level of the inputs was nominally ± 0.170 volts.

Dynamic Hardover Failure Transient - Analog Monitor

Figures VI-57 and VI-58 show the effect on the actuator output of hardover failures occurring
while the actuator is being commanded by a sinusoidal input at 0.3 Hz. Figure VI-57 show the

effect of positive hardovers on the actuator output. There is no apparent change in the motion of

the actuator until the third hardover is applied. As shown on Figure VI-57, the third hardover

causes the system to transfer to the fail-center mode. The effect of negative hardovers as shown on

Figure VI-58 is similar with no apparent change in the actuator output until the third failure.
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TEST DATA

Test Item - Dynaulic Controls, Inc. Date I

F-16 Direct Drive Prepared: 11-13-86

S erivonct ustor

Test -+ Sluw ovcr i'ailurc

'rintod in U S A

t 5 div/setc .J L. 1.

Jill £ I . H1
I nput Command
Channel 1 0.02 v/div i

'4 I i I I 4 - 1 1

Input C:ommiand
Chiamnul 2 & 3 -0.02 v/div inll

Fail Indicator E
Channel I - I v/div

Fail indicator
C'hannel 2 - I v/div

Fail Indicator
Channel 3 - I v/div

x 0.0266 in/div

FIaure V1-54. Slowover failure transient' - condition 10.
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TEST DATA

Test Item - Dynamic Controls, Inc. Dates

F-16 Direct Drive Prepared:_11-13-86

Servoactuator

Test - Slowover Failure

t - 5 sec/div

Input Command E .. I11MWI

Channel 2 - 0.02 v/div in11 MN EII

Input Command
Channel 3 - 0.02 v/div F 1MN 1

Chane I I i /divII-

Fail Indicator
Channel 2 - I v/div

Fail Indicator
Channel 3 - I v/div

x 0.0266 in/div

Figure V11-55. Slow-over failure transients -condition I I
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TEST DATA.

Test Ite-m - Dynamuic Controls, Inc. DateI

F-16 Direct Drive Prepared: 11I-13-86

Ser-voactuator

Test -+ Slc'wover Failure

t =5 div/sec Hy1

InutGrnnfl .02 v/div ....

Input Conuiiand E. . .

Channel 3 1 n.~ v/i

Chdnne 0.02 v/div

Fail Indicator
Channel 2- I V/div

Fail Indi.cator t!
Channel 32- 1 rv/div

Chann 66 3 n'/divX

L7 I

Figure VI-j6. Slowover failure transients - condition 12.
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TEST DATA

Test Item& - Dynamic Controls, Inc. Date
F-16 Direct Drive Prepared: I11-4 -86

ServoactUator

Test -Dynamic Failure Transient_________ H 9 iV
positive ilardovers . Ohio Printed in U S.A.

Channel I
Command

.5 v/div

Channel 2
CommiandW U k

.5 v/div

Channel 3 1111111111 III' 11 11 iIIIHL 11

Command IA I W II 1
.5 v/div

Channel I Fail
1ndicate

I v/div

Channel 2 Fail
Indicatet

I v/divI

C h an n e l 3 F a il 

t M l

Indicate
I v/div U Li X M2Iuf

x
out
.2 v/div

Figure V1-57- Slowover failure transients, - condition 16.
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TEST DATA

Test Item - Dynamic Controls, Inc. Date
F-16 Direct Drive Prepared: -4g
Servoactuator

Test -I)ynamic Failure Transient
Negative flardovers 2ri/e

Channel I
Command
.5 v/div

Channel 2
Command

.5 v/div

Channel 3
Command
.5 v/div

Chane Ih Failli11 ! 111

Channel 2 Fail
Indicate

I v/div

Channel 2 Fail
Indicate

Iv/div

.2 v/div

Figure VI-5S. Slowover failure transients - condition 17.

V1 - 101



Figures VI-59 and VI-60 show the effect of loss of a control input on the output of the actuator
when the actuator is operating at a deflection of 1.13 inches (25 percent of the total stroke) from null

position. Figure VI-59 shows the actuator motion with the actuator biased to + 50 percent of the

extend motion. The output of the actuator is not affected by the channel failures until the third

failure. Upon the third failure the actuator moves towards a centered position. Figure VI-60

presents similar data for the actuator operating in a 50 percent retract stroke position. No change in

the actuator motion occurs until the third input failure when the actuator transfers to the fail-
centered mode.

Pressure Failure Transients - Analog Monitor

Figure VI-61 shows the effect of supply pressure failures on the output of the actuator. The left

hand data on the figure shows a failure of PI supply pressure. The right hand data on the figure

shows a failure of P2 supply pressure. For both of these tests, the actuator is being commanded

with a 0.1 Hz triangular waveform. The output shows no change upon loss of hydraulic supply

pressure.
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TEST DATA

Test Item - Dynamic Controls, Inc. D&te
F-16 Direct Drive Prepared:_11-13-86
Servoactuator

Test -Grounded Input Failure at 50% Extend

t: 2 div/sec

Input Command E.U> .,
Channel I - 0.20 v/div in

InpLit Command
Channel 2 -0.20 v/div in

Input Command E
Channel 3 -0.20 v/div i

Fail Indicator
Channel I - I v/div

Fail Indicator
Channel 2 - I v/div

Fail Indicator
Channel 3 - I v/div

X 0.106 in/div

Figure VI-59. Slowover failure transients - condition 18.
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TEST DATA

Test Item - Dynamic Controls, Inc. Datek
F-16 Direct Drive Prepared: 1- 13-86
ServoactuatorI

Test -Grounded Input Failure at 50Z retract

t u2 div/sec I I II--++ ___

Input Command i
Channiel 2 - 0.20 v/div l 4

Input ConmmandE
Channel 32 0.20 v/div i

Fai Indicat IiorIIIII ldlldII :IIhIII

ChnptCnel an Il - I v/divT11

Channel 2 0.20 v/div

Fail Indicator L.111
Channel 3 - I v/div

Faln icatre VIW60 1.wirfiur rnins- odto 9
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TEST DATA

Test Item - Dynamic Controls, Inc. Date',
F-16 Direct Drive PrepAred: -10-3g-86
Servos ctua tor

Test - Pressure Failures (P1 & 2)

t I div/sec

Ein Input Command Ei

1- -1

3000 psig 3000 paig M

W1 MNI: iHydraulic Pressure -P

1 -E0 psig 0 psig

3000 paig

3000 spig

Hydraulic Pressure P P2  0p

Fail Indicator
T ~Channel IIm

hub Fail Indicator
111111fil Il 11111iChannel 2

Fail Indicator ...
Channel 3

X ou -u 0.0053 in/div ou

RFIgure VI-61. Pressure failure transients - condition 20.
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Hardover Failure Transient - Logic Processor

Figure VI-62 shows the effect of applying a positive hardover voltage sequentially to channels IA,

2A and 3A with the system at null. The Logic Processor was set to vote a failure after 9 consecutive

failures (an error voltage greater than the 35 percent detection threshold). As recorded on this figure,

the time base is 5 divisions per second or 200 milliseconds per division. The amplitude of the output

change with the first failure is .06 inches. The duration of the transient is nominally 20 milliseconds.

The area under the transient curve is nominally .06 percent-seconds (compared to the 0.700 percent-

seconds allowed for the normal F-16 ISA), The amplitude of the transient with the second failure

is .04 inches. This is consistent with having a slightly lower slew rate after failure of one channel.

The time duration of the transient is consistent with the time duration for the first failure transient.

After the second failure, the actuator slowly moves to a position .025 inches from the actuator

position before the second failure. This indicates a slight null mismatch between the individual

channels. The position change occurs over a five-second period. After the hardover input is applied

to the active input of the third channel, the actuator transfer to the fail-centered mode and moves

to the centered position. The Logic Processor, because of the multiple samples requirement for

declaring failures, allowed slightly larger hardover failure transients than the analog system. The

failure transient amplitude-time area is considerably less than that allowed for the F-16 ISA.

Figures VI-63 and VI-64 show the effect of a grounding the inputs to the monitor channels

simultaneously with the actuator initially moved 1.60 inches from null. Since the channels are self-

monitoring, the failure logic correctly detects the three simultaneous input failures. The response

of the actuator in the fail-centered mode does show ringing of the actuator motion. The frequency

cf the ringing is very low (note that the time scale is 10 seconds per division). The ringing was not

observed during the Phase I testing of the system. The change in the operation in the fail-centered

mode indicated that a problem with the mechanical feedback linkage had developed during the

testing. Due to time constraints, no attempt to eliminate the ringing was made as part of the Phase

II investigation,

Slowover Failure Transients - Logic Processor

Figure VI-65 shows the effect of grounding the input to channel IA with the actuator being

commanded by a .03 Hz triangular waveform input. The failure is detected by the Logic Processor

when the disagreement between channel IA and IB reaches the detection level. As shown in the

actuator position trace at the bottom of the figure, the actuator position gain changes when the input

to channel A is grounded. This is because until channel I is declared failed and disabled, there is a
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T~b~T DATA
Date

Test Item - DynaAicic Controls, Inc. Prepared: 3Z31187
F-16 Direct Drive Servoactuator
Logic Processor

Test - Ha~rdover Failure Transients - Condition 6
--------------------t-- ----

t - 5 div/sec I I - I -LA - -I .. 1

Channel 1A
CommandIIHiIl HoII
0.5 v/div ;

Channel 1Af~fl 11 11M- HMN

2.0 v/divH Il

Faililt IniLt

Channel 2A1 111111 I 11 111 1HI

Fail Indicate
Channel 3
2.0 v/div T

2.01 in/div....

MI 1 11110711



TEST DATA
Date

Test Item - Dynamic Controls, Inc. Prepared:__4/1.Q87
F-16 Direct Drive Servoactuator
Logic Processor

Test - Positive Voltage to Ground (75% extend)
-------------------- t-----t

t - 0.1 div/sec A.CC.UCHAR7,T

Channel 1B
CommandBi T :;
0.20 v/div

Channal 213B:
Command n
0.20 v/divIIl:N

Channel 3B1H
CommandE
0.20 v/div

Fail Indicate
Channel 1 -2.0 v/div

Fail Indicate
Channel 2 - 2.0 v/div

Fail Indicate..
Channel 3 -2.0 v/div 11H:

X 0.100 in/div Xu

Figure VI-63. 1-ardover failure trasients - ccondition 8.
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TEST DATA
Date

Test Item - Dynamic Controls, Inc. Prepared:--4ZlO...LQL7L
F-16 Direct Drive Servoactuator
Logic Processor

Test - Positive Voltage to Ground (75% extend)
-------------------- t--t --- 3

t = 0.1. div/sec

Channel lB fl
Command E n11111dljll iil 11 'l11H J1
0.20 v/div

Channel 2B ftf
CommandEl

0.20 v/div i

Channel 3B
Command i
0.20 v/div

Fail Indicate
Channel 1 - 2.0 v/div

Fail Indicate 
I

Channel 2 - 2.0 v/divM O

Fail Indicate..
Channel 3 - 2.0 v/div..

XOUt -0.100 in/div X~

Figure VI-64. Hardover failure transients - condition 9.
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TEST DATA
Date

Teat Item - Dynamic Controls, Inc. Prepared: -5/8/8
F-16 Direct Drive Servoactuator
Logic Processor

Test -Slowever Failure Transients - Condition 13

t=2 div/secI I

Channel 1A
Command
0.20 v/div 1IJ11 Hl

Channel lB
CommandT
0.20 v/div

-+------4 + - F --- F- - 44-±4-------4 ----4- 1

Channels 2A, 213,1
3A, and 3B

Command
0.20 v/div 

7

-4 IIIi +Ft 4

Fail Indicate
Channel 1 HI

2.0 v/div S

Fail Indicate .LI
Channel 2-

2.0 v/divEl

Fail Indicate
Channel 3-

2.0 v/div

Xou =025 in/div H

Figure VI-65. Slowover failure transients - condition 13.
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force-fight between the three channels, with channel I opposing actuator movement away from a

position corresponding to a grounded input. After channel I is disabled, the actuator position gain

is restored to the pre-failure position gain. The failure transient occurring upon failure of channel

I has an amplitude of .07 inches.

Figure VI-66 shows the effect of grounding the input to channel 2A with the actuator being

commanded by a .03 Hz triangular waveform input after channel I has already been failed. The top

trace shows that channel IA with no changing input since the channel was already failed. With the

grounding of the input to channel 2A, the position gain of the actuator gradually becomes zero as

channels 2 and 3 force-fight each other and cancel. Upon detection of the channel 2 failure and the

disabling of the channel, the actuator is returned to the position commanded by the triangle

waveform input into channel 3. The transient occurring with the disabling of channel 2 is .07 inches.

Figure VI-67 shows the effect of grounding the input to channel 3A with the actuator being

commanded by a .03 Hz triangular waveform input after both channels I and 2 were failed. The

failure causes transfer of the actuator to the fail-centered mode of operation. When the 3A channel

input is grounded, actuator motion stopped (since that channel controlled the actuator output).

Figures VI-65 to VI-67 show that the Logic Processor detected the slowover failures correctly and

that the failure transients with the slowovei failures are less than 1.75 percent of the actuator stroke.

Static Failure Detection - Logic Processor

Figures VI-65 to VI-67 were also used to measure the failure-detection level loaded into the Logic

Processor. The change in the input voltage between grounding of the active input of a channel and

detection of the failure is the failure-detection level. From these figures, the failure-detection level

used for the Phase II evaluation was nominally 0.240 volts. This is higher than the value (0. 170 volts)

used for the analog monitor. The higher detection level correlates with being able to observe failure

transients with the Logic Prucessor where none were apparent with the analog monitor.

Dynamic Hardover Failure Transients - Logic Processor

Figure VI-68 shows the effect of sequentially applying positive hardover failure inputs into channels

IA, 2A and 3A with the system operating with a sinusoidal input of 0.3 Hz. The output waveform

temporarily distorts with the first two channel failures. The failure of channel 3 causes the actuator
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TEST DATA
Date

Test IteM - Dynamic Controls, inc. Vrepared: 5/1818
P-16 Direct Drive Servoactuator
Logic Processor

Test - Slowover Failure Detection -Condition 14
------------------- -t --- )

t - 2 div/sec -tri

Channel 1A 4J,2i.1
Command
0.20 v/div - I I II I I I I~ + 4-----+--f-+-l--f-~-

Channel 2A4
Command HIIIII III r 1 1 1k M11 11.14 ,
0.20 v/div

Channels 2B, 3A IIH
and 3B
CommandI ,
0.20 v/div4

Fail Indicate :111111H
Channel 1-

2.0 v/div

Fail Indicate
Channel 2-

2.0 v/div

Fail Indicate .. ITI
Channel 3 -1 1

2.0 v/div

-O~ .025 in/div 1ý1:

Figure VT-66. Slowover failure transients - condition 14.
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TEST DATA
Date

Toot Iten - Dynamic Controls, Inc. Prepared:-V87
F-16 Direct Drive Servoactuator
Logic Processor

Teot - Slowover Failure Transients - Condition 15
------------------ t-----t

t = 2 div/sec Cleveland. Ohio, Printed inU.S.A.

Channels 1A, 2A j
Command tl

.020 v/div1111I

Channel 3A 1111H liilililWil111lil li t

Command
.020 v/div

F a i l 
ilnd i ck;:Ie

Channels 1B

. 2 .0 v / d i v _ _ _1_ li t 11_1_1 1_1_1_Il _ _1 _ _1 _ _1 _ _1_1 i l 1 1 11 1 1 1 1 1 if i l l 11 1 1 11 t l

Fai tindicate..

Fail Indicate
Channel 31

2.0 v/div

2 .02 /in/div14611

Figur V-7SlwerfIlMetaset odto 5
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TEST DATA
Date

Test Item - Dynamic Controls, Inc. Prepared:. 4J/10/8
F-16 Direct Drive Servoactuator
Logic Processor

Test - Dynamic Failure Transient - Condition 16
Positive Hardovers

------------------- t-----
n USA

t -2 div/sec rtr~I~x~ . ~ t

Channel 1A ... .
Command L 1;4 .:l
0.5 v/div

Channel 2AHTU I
CommandLI
0.5 v/div

Channel 3A
CommandIL
0.5 v/div-H4

Fail Indicate F
Channel 21

0.2 v/div k :

Fail Indicate
Channel 3 a-q

0.2 v/div

= * 10 in/iv ~ K ~t41j~
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to transfer to the fail-center mode. The amplitude of the waveform distortion is less than 0.100

inches (2.35 percent of the actuator stroke). For the failures of channel I and 2, the actuator output

is the same after the channel failure as before.

Figure VI-69 shows the effect of sequentially applying negative hardover failure inputs into channels

I A, 2A and 3A with the system operating with a sinusoidal input of 0.3 Hz. There is minor distortion

of the output waveform with the first two channel failures and transfer to the fail-centered mode

of operation with the third failure. As with the positive hardover failures, the waveform distortion

is less than 2.35 percent of the actuator stroke.

Figure VI-70 shows the effect of sequentially grounding the input of channels IA, 2A and 3A with

the system biased to a 50-percent extend position and operating with a 0.3 Hz sinusoidal input. The
Logic Processor correctly identifies each failure. The first two failures create a change in the output

of one division on the data recording or 0.10 inch in amplitude. The distortion is 2.4 percent of the
actuator stroke. After the third input failure, the actuator correctly transfers to the fail-centered
mode. Note that the failure indication channel for Channel I does not indicate failure transfer until

0.5 seconds after the failure. This was due to a pen misalignment and not the operation of the Logic

Processor,

Figure VI-71 shows the effect of sequentially grounding the input of channels IA, 2A and 3A with

the system biased to a 50-percent retract position and operating with a 0.3 Hz sinusoidal input. As
with the extend bias failures, the failures cause a temporary distortion of the output of the actuator

amounting to less than 2.5 percent of the actuatoi stroke. Upon the third failure, the actuator

correctly transfers to the fail-centered mode.

Pressure Failure Transients

Figures VI-72 and VI-73 show the effect of hydraulic pressure failures on the output of the actuator,

A 0,1 Hz triangular waveform is applied to all three channels. Figure VI-72 shows the failure of PI

and then P2. With the failure of Pi there is no output change in the actuator motion. With the
failure of P2 (P! already I'ailed), the output motion of the actuator stops (the actuator has transferred

to the fail-centered mode with loss of both hydraulic pressures). With the restoration of P2, the

actuator motion resumes and does not change with the subsequent restoration of PI, Figure VI-73
indicates similar results for a different sequence of pressure failures and restoration. Note that the

failure logic for the control channels does not detect hydraulic failures, The failure detection for
hydraulic pressures is automatic for transferring to the fail-centered mode (since the transfer is

controlled by the pressure output of the solenoid valves).
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TEST DATA
Date

Text Item - Dynamic Controls, Inc. Prepared: 4/lo/8
F-l6 Direct Drive Servoactuator
Logic Processor

Teat - Dynamic Failure Transient - Condition 17
Negative Hardovers

-------------------- t-------->

t - 2 div/sec L .. L. z±r JL kI h-±tf 1½

Channels lA 22IIT
Co~mmand E InI
0.5 v/divV

Channels 2A ;---t---±---±-- -77M ------- 44

Command Ei 1 I
0.5 v/div 11fIlý 11' III :

Fail Indcat _____;I_

Channels 1-1

0.2 v/div ,~

II ji 41 H iikt I I I +- 4 - - -

I-~~~~~~~ 4 ff+---+---+ -44-l-

Fail Indicate
Channel 2 

1-

0.2 v/div Hihl i 1111W

Fail Indicate 1R IIIN1111111. 1T111!!Hli:
Channel 32

0.2 v/div
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TEST DATA
Date

Teat Item - Dynamic Controls, Inc. Prepared: -4-/ 1QZ 8 7.
F-16 Direct Drive Servoactuator
Logic Processor

Test - Grounded Input Failure at 50% Extend - Condition 18
-------------------- t-- ----

t = 2 div/sec -I±. --J - A.{izuLL -7-d.iiJJ~iLLLL±

Channels 1A !;¶I11II:* lT ,111
Command

0.2 v/div

Channel 12A

Fail11lll Indicat
Chmanne 2a-

0.2 v/div A lMI iE JiE, 1_ _ _ _ _ _ _ _ _ _ _ _ VI11 ;! IhI 1 11 ;11111

Channels 3A-

o0.2 v/div--

Fail4 Inict

0.10 in/div

I . -+.-I 7



TEST DATA
Date

Test Item - Dynamic Controls, Inc. Prepared:--Q-1/87-
P-16 Direct Drive Servoactuator
Logic Processor

Test - Ground~ed Input Failure at 50% Retract -Condition 19
----------------- t---------

t 2 div/sec

Channels 1A 71 -`T7~
Commnand 71
0.2 v/div I~ W-ý -

Channels2A 4-4 f *4 4--4- +44 -44-++fF 4
Command II 7: ý7111i' I TT-..T
0.2 v/div

Channels 1A -4 J--f

0.2 v/div ~1I t4lri~
Fail Indicate ------- f f
Channel 2I ~~I4.~

0.2 v/div Vib :F~iji
.. 4 41f F 1- 4-- ------ -- 4-4-4f-4 - - -

Fail Indicate TIT

Channel 2 -

=0.2 0 in/div
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TEST DATA
Date

Test Item - Dynamic Controls, Inc. Prepared: 416J87.
F-16 Direct Drive Servoactuator
Logic Processor

Test - Pressure Failures (P1 & P2)
--------------------- t---------1

t =1 div/sec LtUkXUi1 "iLfIklUa .UL,ýuiu kioulouuiwu11~~l~u uAxuLL~d1LuIhIrkuiuýli "'*

Command V!
.010 v/div Ef1

Hydraulict
Pressure

300 psi

P2
0 psi

Cha ne 111 -. ; 1. 11

FydailInicate !

2.0 v/di

Fail Indicate +444 44 4-4
Channel 3 f

2.0 v/div t ~ :f1Ilf

2 .00 in/div 11*iiI TH111 II1 .L L

Figure~~~~~~~~~~ VI7 lwve a4r taset cniin2
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TEST DATA
Date

Test Item - Dynamic Controls, Inc. Vrepared 4/6/87
F-16 Direct Drive Servoactuator
Logic Processor

Test - Pressure Failures (P1 & P?)

hitii.xtrtyiiifituujixlita.T1 diu, izudinhiiintiin I, .su a ludW ILL&Lfi~ut,1 i I~i IAI ii .11U fiIrJI II I I tiI II

:t 2 niv/sec o.. I 7r7

...j. .1.. . ... . m!T-.7u
-Co+-mmand-+-+~+--4A -4-A-+-- ---- I --- 4

Hydraulic 71.:T-T ~ jf, -
Pressure tlt

3000 psi I, '
O ps

4-4 ...... -- 4 - -- --
Hydraulic to I I t gTIIfPressure

3000 ps i+

p2  I

Fail Indicate
Channel 1-o

2.0 v/div

Fail. Tndicate 3 I
Channel 2-

2.0 v/div

Fail Indicate [' F, I
Channel 3-

2.0 v/div ~4 + A+------~A-A---+ f I 4- - .... 1+---4---+--A 1 A--f - -+-

ou.005 in/div 11IttIIif l:
Figure VI-73. Slowover failure transients - condition 22.
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Current Failure Transients - Logic Processor

The Logic Processor monitored the current output of the two servoamplifiers in a channel. Upon

a current disagreement, the channel was failed. Channel failure was implemented by grounding the

inputs to the servoamplifiers. The analog mechanization used a cross-strap so that failures of one of

the two servoamplifiers of a channel was offset by the output of the remaining good servoarnplifier,

and grounding the servoamplifier inputs was effective in disabling the channel. With the Logic

Processor, the cross-strap between the amplifiers of a channel was opened. For the Logic Processor

the channel disconnect would normally be accomplished by disconnecting the servoamplifier from

the force motor coils using solid-state switches.

Figures VI-74 and VI-75 are representative of the test results from test conditions 23 through 28.

Figure VI-74 shows the test results of condition 23 with the sequential application of a hardover to

one amplifier of the channels 1, 2 and 3 using the optical coupler OC7. The failure command was

applied manually and held until the channel failure indication occurred. Note that the failure

command to OC7 is a grounding of pin 2 of the opto-coupler, causing a 10 volt DC input into the

servonmplifier. The actuator output for the hardover input for the first failure is .05 inches (or 1,17

percent of the actuator stroke). The actuator output change for the failure into channel 2 causes an

actuator change of 0.10 inches or 2.34 percent of the actuator stroke. Upon the application of the

third failure, the actuator moves off until the channel failure is declared and the actuator transfers

to the fail-centered mode. The small actuator change with the first two failures is a result of a force-

fight between the control channels. Even without the cross-strap between amplifiers of a channel,

there is a coupling between amplifiers via actuator motion. A failed servoamplifier causes an error

signal which causes the other servoamplifiers to offset the failed amplifier. For the first (channel

I) failure, there are five other amplifiers to offset the hardover of the one amplifier (one in channel

I, two in channels 2 and 3).

Note that after the channel is declared failed, the failure input is removed, simulating the disconnect

of the channel from the force motor coils. The larger failure transient after the third failure is due

to not disconnecting the force motor coils upon the failure and having no offsetting 'mplifier in

channel 3 after the failure is declared (the input to the remaining servoamplifier is grounded upon

channel failure). The actuator moves off in re3ponse to the servoamplifier until the failure logic

transfers (via the solenoid valves) the actuator to the fail-centered mode. With coil disconnecting (as

would normally be used) the last transient would be much smaller. Figure VI-75 shows the results

of test condition 25 with a different order of failures. The results are similar to test condition 23.
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TEST DATA
Date

Test item -Dynamic Controls, Inc. Prepared:. 5Y1.818
F-16 Direct Drive. Servoactuator
Logic Processor

Test - Current Failures - Channels 1, 2, and 3
- - - - - t - - - - 0

t =5 div/sec i I4 . ±i ±I.L_~ tLL LLwL&AAa

Channel 1 ... .. 14T

Command to 0C7 i.tT4+ t L 4 '
Ch.nne 2.. [.... ... ..

2. 0 v/div :t . . .W

I-4- 4-4- 4~-J-* -± 4-.. ...... . 1-1 J+ - - F+- - ---

Channels 32. 4

Command to 0C K IhLVi~ i~
2.0 v/div

Channels 1 -- '

J4J!

Fail Indicate wi' f

Channel 21

4-+ 1- 14ifA- t - f- 1- 4--4

Fail Indicate 71 T :it' 1 ý.J' I11- T TI-T; 11l- r:

Channel 32

0. 2 v/div r~h~l~~1 pn

-ii 1 22i i



TEST DATA Dt

Test Item -Dynamic Controls, Inc. Prepared:. VI8/87
F-16 Direct Drive Servoactuator
Logic Processor

Text - Current Failures - Channels 1, 2, and 3
- - - - - -t - - -

t -5 div/sec -

Channel 1
Command to OC7
2.0 v/div 4

channel 2
Command to 0C7
2.0 v/div

Channels 3
Command to 0C7 I-_4]ilI.
2.0 v/div71-4..I

4-4 -+ +- 4 - 4---+ 1 4

Fail Indicate[ F

Channel 2 '- T
0.2 v/div

t-4-4~~~~~~ ---4-I4-++-t -- A---

Fail Indicate I1 7J 9:f
Channel 3 -ii

0.2 v/div

t -4----4 4 -+ +±----~ I-

mO~ .050 in/div

Figure VI-75. Current failure transients - conditiorn 25.
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Dynamic Failure Detection - Logic Processor

Figure VI-76 is a plot of the failure-detection amplitude of the Logic Processor for sinusoidal failure

inputs. The figure shows that the failure-detection level is frequency and failure-count dependent.

The inability of the detection logic to maintain a uniform detection level with sinusoidal inputs is a

direct result of using a sampling system with a failure count requirement before a failure is declared.

The number of samples before a failure is declared defines a time interval (or time delay). A

sinusoidal input passes through zero amplitude at time intervals equal to one half the reciprocal of

the input frequency. If the time for the sinusoid to pass through zero is less than the time interval

to declare n failure, the failure is not detected. For a low frequency sinusoidal inputs, the time

interval for the sinusoid passing through zero amplitude is much longer than the failure declaration

time and the amplitude of the sinusoid for failure detection will be constant. Between the two

preceding extremes is a range of input frequencies where detection of the failure requires increasing

the input amplitude (to increase the amplitude of the sine wave either side of zero) so that more

samples are counted as failures.

Figure VI-76 demonstrates the failure-detection characteristics of the Logic Processor set for 9, 19,

39 and 79 failure samples before a failure is declared. The sample time interval for the failure

taouitoring was .0014 seconds. As the number of failure counts required for failure declaration were

increased from 9 to 79, the frequency up to which the detection level was constant decreased. The

failure count setting of 9 was used for the Phase II evaluation. This setting gave a flat failure-

detection amplitude up to 10 Hz. Having a failure-detection amplitude characteristic which increases

with frequency is acceptable (perhaps desirable to exclude nuisance failure declarations) as long as

the response is flat over the response band of the actuator being monitored.
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r1gure V11-76. Dynamic failure detection - Logic Processor.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The F-16 direct drive actuator operated successfully and met or exceeded the performance

requirements for the normal F- 16 ISA. The frequency response capability of the direct drive actuator

(in the normal operate mode) extended to nominally 5 times the normal F- 16 actuator. The transients

with hardover channel failures were considerably less than allowed for the normal F-16 ISA, The

use of pulse width modulation to drive the direct drive force motors worked well and minimized the

heat sink requirements for the driver amplifiers. The parts count for the direct drive mechanization

was considerably less than that of the normal F-16 ISA.

Two performance characteristics which would require minor modification of the direct drive F- 16

actuator were a low slew .ate in the two-fail-operate mode and a light damping of the centering step

response in the fail-centered mode. The low slew rate could easily be corrected by increasing the

maximum current from the driving amplifiers without exceeding the operational rating of the driving

electronics. The feedback linkage operated satisfactorily for most of the test series and then

developed a "lightly-damped-response" characteristic. The cause of the change in the characteristic

was not investigated because of time constraints.

The direct drive F-16 actuator was 0,5 lbs lighter than the normal F-16 actuator, an insignificant

change. Although some improvement in the weight and volume of the actuator with the direct drive
mechanization is still feasible, using mechanical feedback for the fail-centered mode creates a weight
and volume penalty for the normal direct drive valve package valve which is difficult to overcome.
The investigation indicated that direct drive valves do not inherently reduce the volume or weight
of an actuator using conventional two stage servovalve control.

The use of electrical feedback for the operating modes of the direct drive actuator worked well.
Including the direct drive force motors within the actuator's electrical feedback loop simplified the
control system (no feedback around the spool position was required) and minimized the steady state

power consumption of the force motors.

The F- 16 ISA has a frequency response "gate" requirement, apparently because the actuator is used
as part of structural mode filter design. The direct drive F-16 actuator electronics would require the
addition of electronic input filters to meet the response gates. The electronic filters would dominate
the actuator's frequency response, This approach is practical because of the extended response of the

direct drive F-16 actuator in the operating modes. The alternative approach would be to gain change

the control electronics upon control channel failure (with the normal operate response adjusted to

meet the response gates).
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The microprocessor monitoring of the control chat -,l performance worked well and provided

convenient changing of the failure detection characteristics. The failure transients with the particular

settings of the processor were slightly larger than those measured with the analog monitoring, due

to the tCme delry and detection level of thu Logic Processor both being set slightly greater than the

analog mechanization. The automatic pre-flight test checkout software worked well and provided

a more convenient check or tile control system operation than obtainable with the analog monitoring.

It is recommended thai tie approach be investigated further with an emphasis in providing failure

tolerance for the microprocessor.
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ANPENDIX A-2

PARIS LIST FOR F-16 DIRECT' DRIVE

IITEM I DWG. I PART I NAME I QTY I DESCRIPTION

INO. I REF. I NO. IIREQD. I OF PART

I I RI IRN55D IRESISTOR I I I 50K-- --- -- --- -- --- -- --- -- --

I2 I R2 I RN55D IRESISTOR 1 1 1 50K

1 3 1 R3 15OLMF-149 I LINEAR POT. 1 1 1 5.0K 5% MEGR: NEI.

1 4 1 P.4 150LMF-149 I LINEAR POT. I I I 5.0K 5% MFGR: NEI.

1 5 1 R5 15OLMF-149 ILINEAR POT. I ! I 5.0K 5% MFGR: NE!.

16 1 R6 15OLMF-149 I LINEAR POT. 1 1 1 5.0K R% MFGR: NEI.

1 7 1 R7 I RN 55D) RESISTOR I I I 499K

1 8 1 R8 162M20 1pol. I 1 I 20K

I 9 1 R9 I RN 55D IRESISTOR 1 1 1 50K

1 10 1 RIO I RN.55D IRESISTOR I I I 50K

1 11 1 RII IRN 55D IRESISTOR I I I 50K

---12 ---I --R - -2- -IRN6OD----RESISTOR--- ---I--1--I--500- OHM--

1 13 1 R12 IRN60D IRESISTOR I 1 1 500 OHM

1 14 1 R13 IRN60D IRESISTOR I 1 1 500 OHM

1 17 1 R14 IRN60D IRr.SISTOR I 1 150K H

1 15 1 RIB I RN55D IRESISTOR I I 1499OK

1 19 1 RI) I RN55D IRESISTOR I I I 50OK

1 20 1 R18 I RN 551) RESISTOR I I I lOOK

1 2] 1 R21 162M20 1POT. II I 20K
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1 22 1 R22 IRN55D IRESISTOR I 1 I 100K

1 23 I R23 IRN55D IRESISTOR I 1 I 20K

1 24 I R24 IRN55D IRESISTOR i 1 1 24.3K

1 25 I R25 162M5 iPOT. I I I 5K

1 26 1 R26 IRN55D RESISTOR I I IK

1 27 1 R27 IRN55D IRESISTOR I I I 24.3K

128 1R28 162145 IPOT. II SK
------------------------------------------------------------------
1 29 1 R29 IRN55D IRESISTOR I I I IK

1 30 1 it30 IRN55D IRESISTOR I 1 I 10K

1 31 1 R31 IRN55D IRESISTOR I 1 I 5K

1 32 1 R32 162H4200 !POT. I I I 200K

1 33 1 R33 IRN60D IRESISTOR I I 2.4K

1 34 1 R34 IRN55D IRESISTOR I I 12.5K

1 35 1 R35 IRN55D IRESISTOR I I I 4.99K

36 1 R36 IRN55D IRESISTOR I I 1,87K

1 37 1 R37 IRN55D IRESISTOR I 1.98K

1 38 1 R38 I62MI IPOT. I1 I 1K

1 39 1 R39 162MI0 POT. I I I 10K

140 1 R40 I RN 55n IPESISTOR I 6.98

1 41 1 R41 IRN 55D IRESI16TOR I 1 1 50 OHM

1 42 R42 IRN55D RESISTOR I I I IlK

1 43 1 R43 I RN55D IRESISTOR I I I 8.66K

1 44 1 R44 IRN55D IRESISTOR I I I 30K

1 45 1 R45 162M10 IPOT. I I I 10K

1 46 1 R46 IRN55D IRESISTOR I I I 1O0K

1 47 1 R47 IRN55D IRESISTOR I 1 1 100K

1 46 1 R48 IRN55D IRESISTOR I I 1OOK

A2- 2



1 49 1 R49 162M20 POT. I 1 I 20K

1 50 1 R50 IRN55D RESISTOR I 1 I 100K

1 51 1 R51 IRN55D IRESISTOR I I I 100K

1 52 1 R52 162M20 POT I 1 20K

1 53 1 R53 IRN55D IRESISTOR I 1 I 50K

1 54 1 R54 1RN 55D RESISTOR I 1 I 12.1K

1 55 1 R55 IRN55D IRESISTOR I I I 20K

1 56 1 R56 IRN55D IRESISTOR 1 11 100K

1 57 1 R57 162M20 IPOT. I I I 20K

1 58 1 R58 IRN551) RESISTOR 1 1 lOOK

1 59 1 R59 IRN 55D RESISTOR I 1 90K

60 1 R60 I RN 551) RESISTOR I1 90K

61 R01 IRN )5D IREI .STOR ] I 100K

62 R02 1(16 551)5D RES ISTO'R 1 100K

1 63 1 R63 162MI1 I'OT. I I 10K

6464 R64 RN 551) RESISTOR I 1 I lOOK

65 R65 IRN 55D RESISTOR I1 lOOK

1 66 1 R66 IRS--28 RESISTOR 1 1.5 OHM, 3 WATT

67 R67 IRS,-, R ISfISTO'R I 1 1.5 OHM, 3 WATT

1 68 R68 IRS-28 iRESSrTOR I 1 2.0 OHM, 3 WATT

69 110 W -HS-2, IiIS ISvR I 1 1.5 OHM, 3 WATT

1 10 1 R70 IRS- 28 IRESISTOR I I 1 1.0 OHM, 3 WATT

1 71 1 R71 IRS.--28 RESISTOR 1 1.0 O1HM, 3 WATT

S72 IRY I RN.51) IR,.S J S TOR I 2K

73 k 13 1IHN '5A) I, vs ,I 'Oll I I 10K

74 V I4 !'or'r' I0 lK Is''rOlI 1 8K

75 7, .RES ISTU' I (9. "'
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I76 IR76 I 62M2. POT. I I 2K

I77 IR77 RN ý5D T ~.L'OR I1 I887 OHM

I78 IR78 IRNb60) IR FIS TOR I1 I 3.65K

I79 IR7 /() W4 1~)I :.SOI 1 I3. 84K

I80 R 80 IRN 55 1 RIRP.S [STUR 1 49. 9K

I 81 IR81 6 ZZ, i2 1[)T 1 1 2K

I82 IR82 RNQ 5 51) la's s 1TOk I 1 1 887 OHM

1 83 1 R83 IRN6OD IRV1!S STOR I 1 1 3. 84K

I84 1 R84 I RN5 5D IRES ISTOR I 1 1 49. 9K

I 85 1 R85 16Al4:.IP .I I I 2K

I86 1 RM8 RN 51)R~I~O 1 1 887 OHM

1 87 1 R 87 10160OD 3 . 84K

I88 s R88 IRN R~~t fi ~1; 1TOR I 1 1 49. 9K

I 89 IR89 6? Pwri I I IK

90 I R90 I i1YA~; I R P 1.15TCR I 1 I 887 OHM

91 I R91 NN'~.5 1,,:; US TOR 1 I 6.98K

I92 1 R92 162?1MJT I ow' I 1K

I 93 1R 93 [RlN Y.AJ v.!.; 1.,'UoR, I 0.98

I94 1 R94 Ii J., 0 1r. 10K

I 95 I M 1111-1111,II) W~UII I I 5 OHM

96 IR96 RN Vfri I It' ITOR I1 I11K

I97 1(R9/ 1 1N~) 1 1 xIh 8.66K

I98 IR98 I u W-1' ',I k" iI 30.1lK

I99 IR09 I)1N 1k," fSTR I I100K

I 100 I R100 1 6,'i-,! I'') . I Z OK

I o 102l I, ~i... I 100K
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1 103 1 R103 IRN55D IRESISTOR I1 IO10K

1 104 1 R104 IRN55D IRESISTOR I I I LO0K

1 105 1 R105 IRN55D IRESISTOR 1 1 1 50K

1 106 1 R106 IRN55D IRESISTOR 1 1 1 LOOK

1 107 1 R107 IRN55D IRESISTOR I I I 20K

I 108 I R108 162M420 IPOT. 1 1 1 20K

1 109 1 R109 IRN55D IRESISTOR 1 1 1 LOOK

1 110 1 RHO 162M420 IPOT. I 1 I 70K

I III I RiIlI IRN55D IRESISTOR I I I lOOK

I- - -11 -- - -- - mm1 ----55 m R S O -- -- 1 -- - - - - -- - - - - M -- - -- -

1 113 1 R112 IRN55D IRESISTOR I 1 I 90K

1 115 1 R113 IRN 55D IRESISTOR 1 1 1 10K

1 116 1 R114 IRN55D IRESISTOR 1 1 1 LOOK

1 117 1 R115 IRN55D IRESISTOR I I 10K

1 118 1 R116 IRN55D IRESISTOR 1 1 1 2.0OHMOKWT

--119-- m - ---- ------ -R-S----- ---- ---- --- 1.5--OHM--- - 3- WATT-

1 122 1 R122 IRN55D IRESISTOR 1 1 I lOK

--123--- R- 23--- --- - - -- - - -- - - - wR O -- - -- - M -- -- -1. OH----3-WATT

I 124 I R118 IRS-28 IRESISTOR I 1 1 1.0 OHM, 3 WATT

1 125 1 R119 IRNS-2 IRESISTOR I 1 1 1.5OM,3WT

1 127 1 R120 IRS-28 IRESISTOR I 1 1I.5OM,3WT

1 121 1 R121 IRN55D IRESISTOR I I 1 12.1KOM 3WT

1 129 1 R122 IRN55D IRESISTOR I I ILOOK

-- ---- -- --- -- --- -- --- --- S- m - M - - - -w- - -



I 129 I R129 IRM55D IREISTOR 1 1 IOOK
---- ---- m mm m ----------- m --------- •m m- m m m m m o ----- ---- ----- w -- ----- ---- ----

1 130 1 1131 IRN55D IRESISTOR I 1 I 1OK

1 131 1I 131 IR455D IRESISTOR I 1 I 4.3K

1 132 1 R132 IRN60D IRESISTOR I 1 3. 84

1 133 1 R133 IRN55D IRESISTOR I I IOK
---------------------------------------------------------------
1 134 1 R134 IRi55D IRESISTOR I 1 I OOK
--------------------------------------- m-------------------------

1 135 1 R135 IRN 55D RESISTOR I 1 I 5K
------- w--------------------- t---------------------------- ----------
1 136 1 R136 IRN55D RESISTOR I 1 I 7.5K
--------------------------------------------------------------------
1 137 1 R137 IRN455D RESISTOR I 1 I 46K
---------------------------------------------------------------- --
1 138 1 R138 IRN55D RESISTOR I I I 10K
------------------------------------------------------ mt-------------
I 139 1 R139 1RN55D RESISTOR I 1 I 4.99K
------------- m-------------------------- -----------------------------

1 140 I R140 IRN,55D IRESISTOR I I 49.9K
--------------------------------------------------------------------
1 141 1 R141 IRN55D RESISTOR I 1 I 46K
--------------------------------------------------------------------
1 142 1 R142 IRNq55D IRESISTOR I I I OK
--------------------------------------------------------------------
1 143 1 R143 IRN55D IRESISTOR I I I 49.9K

--------- ---------------------------------------------

1 144 1 R144 IRN455D IRESISTOR I I I 4.99K
--------------------------------------------------------------------
1 145 1I 145 IRN55D IRESISTOR 1 1 1 4K
--------------------------------------------------------------------
1 146 1 R146 IRN55D IRESISTOR I 1 I 10K

1 147 1 R147 IRN55D IRESISTOR I I I 4.99K
------- f -------------------------------------------------------------

1 148 1I 148 IRN55D IRESISTOR 1 1 1 49.9K
------------------------------------ ---------- -------------------
1 149 1 R149 IRN55D IRESISTOR I 1 I 49.9K
--------------------------------------------------------------------

1 150 1 CI IV17246L ICAPACITOR I 1 1 .0047 mf
-----------------------------------------------------------------
1 151 1 C2 IV17246L ICAPACITOR 1 1 1 .0047 mf

----------------------------------------------------------------------
I 152 1 C3 186122G1 ICAPACITOR 1 1 1 .5 mf
----- ---------------------------------------------------- t ------
I 153 1 C4 ICKO5BX472K CAPACITOR I 1 I .0047uf
------------------------------------------------------------------
I 154 I C5 ICK05BX221K ICAPACITOR I I I 220pf
---------------------------------------------------------------------
I 155 1 C6 IB556KM CAPACITOR I I I 56mf

----------------------------------------------------------

A2 - 6



1 157 1 CS IB556KM ICAPACITOR I 1 I 56mf

158 1 C9 ICK06BX103K ICAPACITOR I I I .0Omf

1 159 1 CIO ICK05BX104K ICAPACITOR I1 .I lmf

1 160 1 CI ICK05BX4721( ICAPACITOR I 1 1 .00 47mf
----- -------------- w------------------------------------- I-----------
1 161 1 C12 ICK05BX472K ICAPACITOR I I I .0047mf
------------------------------------- -------------------------------
1 162 1 C13 IB556K1 ICAPACITOR I I 56mf
------------------------------------------------------------------
1 163 1 C14 ICK05BX103K ICAPACITOR 1 1 1 .0 if
-------------------- I-------------------------------------------------
1 164 1 C15 ICK05BX221IK ICAPACITOR I 1 I 220pf
------ ------------------------------------------------------------
1 165 1 C16 IB556KM ICAPACITOR I 56mf

1 166 1 C17 ICK05BX103K ICAPACITOR 1 .0lmf

1 167 1 C18 ICK05BX104K ICAPACITOR I Ilmf
----------------------------- W------------------------------------
1 168 1 C19 ICK05BXI1OIK ICAPACITOR I 1 I lOOpf

1 169 1 C20 ICK05BX102K ICAPACITOR I I I .00Imf

1 170 1 C21 CK05BX472K ICAPACITOR I I 1 4700pf

1 171 1 C22 ICK06BX473K ICAPACITOR I 1 .0 47mf

1 172 1 C23 ICK06BX473K ICAPACITOR I 1 I .047mf

1 173 1 R150 IRN55D I RESISTOR I I I I MEG

1 174 1 R151 IRNc5D IRESISTOR I I I I MEG

1 175 1 R152 IRN55D IRESISTOR I I 1 1 MEG

1 176 1 Dl IIN5530C IDIODE I I I 10V @ 2% ZENER

1 177 1 D2 I IN5530C IDIODE I I I 0V @ 2% ZENER

1 178 1 D3 I IN5530C IDIODE I I I 1OV @ 2% Zk.ER

1 179 1 D4 I IN5530C IDIODE 1 1I 10V @ 2% ZENER

1 180 1 D5 IJAN IN914 IDIODE I 1 I

1 181 I D6 IJANIN9I4 DIODE I I I

182 D7 IJAN IN914 DIODE I I I

1 183 I D8 IJAN IN 5518B IDODE I 3.3V @ 2% ZENER
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------------- -------------------------------------------.

I 184 I D9 IJANIN 5518B I DZODE I I I 3.3V @ 2ZZD5R

tl 115 1 D10 IJANIN914 IDIODE 1 1 .1

4 186 1 DlI IJANIN914 IDIODE I I I

I 187 1 D12 IJAN 11 914 IDIODE I 1 I

1 188 DI3 I JAN1N914 DIODE I 1

I IS9 I D14 IJIN15518B IDIODE I 1 1 3.3V I 2t tA

1l 190 1 D15 IJM1N5518 IDIODE I 1 I 3.3V Q 2% Z3U

1 191 1 DI6 IJAIN914 IDIODE I 1 I
-- -- -- - -- -- -- - -- -- -- - -- -- ------ t- - -- - - - m -- - - - - - -

1 192 1 D17 IJANlN914 IDIODE I 1 I

1 193 I8 IJAN I1N914 IDIODE I I I

1 194 1I 19 IJAN IN914 DIODE I 1 I

1 195 1 D20 I JAN IN 914 IDIODE I 1 I

1 196 1 D21 I JAN IN914 IDIODE I I I

1 197 1 Al IOP-05 CY lop. AMP. I 1 I 1FGR: P.M.1.

1 198 1 A2 IOP-05 CY lop. AMP. I 1 I MFGR: P.M.1.

199 1 A3 lo-us CY lOP. AMP. I 1 I MFGR: P.M.1.

1 200 1 A4 ILM-339 N loP. AMP. I 1 I COMPARATOR

1 201 1 A5 IPM-747 CY lOP. AMP. 1 1 1 FGR: P.M.I.

1 202 1 A6 IOP-05 CY loP. AMP. I I I 1FGR: P.M.1.

1 203 1 A7 IOP-05 CY loP. AMP. I 1 I KFGR: P.M.1.

1 204 1 A8 IBB-3572 A IPWR. AMP. I 1 I MIGR: BURR BROWN

1 205 1 A9 ILM-2903N loP. AMP. I 1 I COMPARATOR

1 206 AI0 IPM-747 CY lOP. AMP. I 1 I MFGR: P.M.1.

1 207 1 All IOP-05 CY loP. AMP. I I I MFGR: P.M.1.

1 208 1 A12 lOP-05 CY lOP. AMP. 1 1 1 MFGR: P.M.1.

1 209 1 A13 IBB-3572 A lPWR. AMP. I 1 I MFGR: BURR BROWN

1 210 1 A14 ILM-339 N loP, AMP. I I I COMPARATOR
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1 211 1 OC-1 1032 IOPTO-COUPLER I 1 I MFGR: G.E.

1 212 1 OC-2 1032 IOPTO-COUPLER I I I MFGR: G.E.

1 213 1 OC-3 14N32 1OPTO-COUPLER I I I MFGR: G.E.

1 214 1 OC-4 1032 IOPTO-COUPLER I I I MFGR: G.E.

1 215 1 OC-5 10432 1OPTO-COUPLER I I I MFGR: G.E.

1 216 1 OC-6 14N32 1OPTO-COUPLER 1 1 1 MHGR: G.E.

1 217 0C-7 1032 IOPTO-COUPLER I I I HPGR: G.E.

1 218 1 OC-8 1032 IOPTO-COUPLER I I I MFGR: G.E.

1 219 JR153 I RN60D I RESISTOR I I I 3.0K

1 220 1R154 I RN60D I RESISTOR 1 1 1 500 OHM

1 221 IR155 I RN60D I RESISTOR 1 1 500 OHM

1 222 1R156 I RN60D I RESISTOR I 1 500 OHM

1 223 IR157 I RN60D RESISTOR I 500 OHM

I 224 IR158 I RN60D RESISTOR I 1 1 500 OHM
---- ---- --- ---- --- ---- --- ---- --- ---- -----Ni -N ) I ~ ~ ,m -- ----- -- -Ni l i mm --- -- --------

1 225 JR159 I RN60D I RESISTOR I I I 1.0K

1 226 IA15 I LM-2903N I OP. AP I I I COMPARATOR

1 227 IOC-9 I 4N32 OPTO-COUPLER I I I MFGR:G.E.

1 228 OC-10 1 4N32 1 OPTO-COUPLER I I I MFGR:G.E.

1 229 IOC-10 I 4132 I OPTO-COUPLER I I I MFGR:G.E.

1 230 IOC-I1 I 4N32 I OPTO-COUPLER I I I HPGR:G.E.

1 231 IOC-12 1 4N32 1 OPTO-COUPLER I I I MFGR:G.E.

1 232 IOC-13 I 4N32 I OPTO-COUPLER I I I MFGR:G.E.

1 233 IOC-14 1 4N32 1 OPTO-COUPLER I 1 I KJGR:G.E.

1 234 IR160 I RN55D I RESISTOR I 1 1 10K

1 235 IR161 I RN55D I RESISTOR 1 1 1 10K

1 236 IA16 I LM2903N I OP-AMP I I I COMPARATOR

1 237 IAI7 I LM2903N I OP-AMP I I I COMPARATOR
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-- m~t - em m ----- ---- ----- ---- ----- ---- ----- ---- m~t m -- - - -------laem m mmme w

I 238 11162 1 RN60D I RSISTOR I I I 7

I 239 11163 I PA55D 1 R NISTOl I I 201
-m -------- memm .. u m--m -- - - -- - - --- - - - m -- -- -- - -- --- -- -- - -- -- -

I 240 IR164 I RN55D I RESISTOR I 1 20K
-------- m -- - - - -- - - - - mm --- ------------------ m--m------m-,- m im ,

I 241 IR165 I RN60D I RESISTOR I 1 I 7K

i 242 11166 1 RN60D I RESISTOR I 1 1 7K

1 243 11167 1 RN55D I RESISTOR I 1 1 201

1 244 11168 I RN5SD I RUEISTOR I 1 20K

1 245 11169 1 IN60D I RESISTOR I I I 71

1 246 11170 1 RN55D I RESISTOR I 1 1 3.01K
---- ---- ---- m ----- ---- ---- m - ------------ m -- -- -- n u m - -- -

1 247 IR171 I RN55D I RESISTOR I 1 1 3.011

1 248 1R172 I RN55D I RESISTOR I 1 I 3.01K
------- m - - - ---- --- ---- --- --- m ------ mmm ----- mm m --- --- -- --- --- --

1 249 1R174 I RN55D I RESISTOR I I I OK

1 250 ID22 IN 14002 I DIODE I I I

1 251 ID23 I 144002 I DIODE I 1 I

1 252 1J101 I DC1137S I CONNECTOR 1 1 1 D SUB-MIX. CANNON

1 253 J1102 I DCMF37S I CONNECTOR I I I D SUB-MIN. CANNON

1 254 13103 I DCM7378 I CONNECTOR I I I D SUE-KIN. CANNON
------------------ -----•* m ---------- mm ---- i--- m -- -- - m - -- -

1 255 1J104 I DBMF258 I CONNECTOR 1 1 D SUE-KIN. CANNON

1 256 IJ105 I DBMKF25 CONNECTOR I I I D SUB-MIN. CANNON

1 257 IJ106 I DBMF256 I CONNECTOR 1 1 1 D SUB-MIN. CANNON

1 258 IJ107 I DBKF258 CONNECTOR I I D SUB-MIN. CANOIh

1 259 IJ108 I DBHF25S I CONNECTOR I I I D SUB-MIN. CANNON

1 260 1J109 I DBKF228 I CONNECTOR I 1 I D SUB-MIN. CANNON

1 261 IJ110 I DAMFIS I CONNECTOR I 1 I D SUB-MIN. CANNON

262 l111 I DAMIF5S I CONNECTOR I I I D SUE-MIN. CANNON
-- -- - am -- - - - - - - - - - - - -- - - - - - - -- -m i~ m m - -- - -- - -- -- - -- -

263 3J112 I DMAM158 I CONNECTOR I 1 I D SUB-KIN. CANNON

1 264 IJ113 I D•FI5 CONNECTOR I D SUB-MIN. CANNON
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265 IP101 I DCM37PG I CONNECTOR I I I D SUB-MIN. CANNON

1 266 IP102 I DCM37PG I CONNECTOR I 1 I D SUB-MIN4. CANNON

1 267 IP103 I DCM37PG I CONNECTOR I 1 I D SUB.-MIN. CANNON

268 P10 DBM25PG I CONNECTOR I I D SUB-MIN. CANNON

1 269 IP105 I DBM25PG I CONNECTOR 1 D SUB-MIN. CANNON

1 270 IPII•• IDBM25PG CONNECTOR I 1 I D SUB-MIN. CANNON

1 271 eP107 I DBM25PG I CONNECTOR I I I D SUB-MIN. CANNON

1 272 IP108 I DBM25PG I CONNECTOR I I I D SUB-MIN. CANNON

1 273 IP109 I DBM25PG I CONNECTOR I 1 I D SUB-MIN. CANNON

1 274 IP110 I DAMI5PG I CONNECTOR I 1 I D SUB-MIN. CANNON

1 275 PIll I DAMI5PG I CONNECTOR I I I D SUB-MIN. CANNON
I -276 P1-2 I-DAN--PG I-CONNECTOR ----D SUB-M-X.- CANNON

1 277 IP113 I DAMISPG I CONNECTOR I 1 I D SUB-MIN. CANNON

1 278 IP1 I KPT6FI4-S I CONNECTOR 1 D MIN.-CIRC. CANNON

1 279 IP2 I KPT06FI4-5P I CONNECTOR I I I MIN.-CIRC. CANNON

1 280 lP3 I KPT06Fl4-58XI CONNECTOR I I I MIN.-CIRC. CANNON

I-281 IP4 -- PT06F20-16P- CONNECTOR m - I -IN,-CIRC- CANNON

I 282 IPI I KPTO6F2O-16SI CONNECTOR I I I MIN.-CIRC. CANNON
1 283 IP6 I KPT06F20-16PI CONNECTOR I I I MIN.-CIRC. CANNON

--284 I- 7 6 KPT06FI8-11-- CONNECTOR - 1 I-MIN.-CIRC- CANNON

1 285 IP8 I KPT06F20-16P1 CONNECTOR I 1 I MIN.-CIRC. CANNON

1 286 IP8 I KPT060I8-39PI CONNECTOR I 1 I MIN.-CIRC. CANNON

1 287 IP9 I KPT06FI4-1.8P CONNECTOR I 2 1 MIN.-CIRC. CANNON

1 288 IP1 I KPTO6F28-32PI CONNECTOR I I I MIN.-CIRC. CANNON
1 289 IPI0A I KPT06FI4-18PI CONNECTOR I 2 I MIN.-CIRC. CANNON

1 289 IPI&A I KPT06FI4-12PXI CONNECTOR 1 2 I MIN.-CIRC. CANNON

1 291 IP14 IKPTO6FI8-32lI CONNECTOR I I I MIN.-CIRC. CANNON
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I 292 IP15 I RTO6FI14-1561 CONNECTOR I 1 I HIN.-CIRC. CANNON

1 293 IP16 IK1T061l,4-15SX CONNECTOR I I I NII.-CIRC. CANNON

1 294 IP17 IKPTO6I14-156Y1 CONNECTOR I I I MI.-CIRC. CANNON

1 295 1J3 I KPT02P14-5P I CONNECTOR I 1 I MIN.-CIRC. CANNON

1 296 1J2 IKPTO2PI4-5S I CONNECTOR I I I KIN.-CIRC. CANNON

1 297 IJ3 IKPTO2P14-SPX I CONNECTOR I 1 I lNT.-CIRC. CANNON

1 298 1J4 IKPT02P20-16S I CONNECTOR 1I I N1.M.-CIRC. CANNON

1 299 1J5 I&PTO2P20-16P I CONNECTOR I I I HIN.-CIRC. CANNON

1 300 1J6 IKPTO2P18-113 I CONNECTOR I 1 I NIN.-CIRC. CANNON
---------- m-------------------------------------------------------nn

1 301 IJ7 IKPT02P18-11P I CONNUCTOR I1 I MlN.-CIRC. CANNON
--------------------------------------------------------------------
1 302 1J8 IKPTO2P20-398 I C)NNECTOR I I I MIN.-CIRC. CANNON
- -------- m - ----------------- mm - --------- ft------

1 304 1J9 IKPT02PI8-328 I CONNECTOR I 1 I MIN.-CIRC. CANNON
---------------------------------------------------------------------
1 305 JI10 IKPTO2PI4-185 I CONNECTOR I 1 I MIN.-CIRC. CANNON

1 306 IJ11 IKPTO2PI--32SX1 CONNECTOR I 1 I MIN.-CIRC. CANNON
----- m----------------------- m----------------------------------------

1 307 IJ12 IKPTO2Pl4-18BXI CONNECTOR I 1 I MIN.-CIRC. CANNON

1 308 1J13 IKPTO2PI4-IBBYI CONNECTOR I I I MIN.-CIRC. CANNON
---------------- m------------ m------------------------------ m---------

1 309 JJ14 IKPTO2P18-'32P I CONNECTOR I I I MIN.-CIRC. CANNON

1 310 1J15 IKPTO2PI4-15P I CONNECTOR I I I MIN.-CIRC. CANNON
----------------------------- m--------------------------------------

1 311 J316 IKPTO2P.4-15PXI CONNECTO!.I 1 I MIN.-CIRC. CANNON
------ ---------------------------------------------- m---------------
1 312 IJ17 IKPTO2Pl4-15PYI CONNECTOR I I I MIN.-CIRC. CANNON

----------------------------------------------------------
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APPENDIX A-3

IPASCII) LOGIC PRO(TESSOR PROGRAM

;F16A.ASM1/29/86
;LAST CHANGE 6/19/87
; RE-ADDRESS TO USE AUTO JUMP XXXXX
; PUT DUMP BACK IN FOR MORE DEBUGGING
; PRINTS DATA ON FAILS WHEN BYTE AT DUMP (C9H)
; CHANGED TO 00

CORRECT COUNTER STORAGE ADDRESS

MACHINE CODE LOCATED AT 09000H (2816 REPROM)
TO RUN AUTO JUMP

E 0E000 210080;LXI H,08000H (SOURCE
03003 110001;LXI D,0100H (DEST
E 03006 010010 ;LXI B,01000H (COUNT

0E009 EDB0;Z80 BLOCK MOVE
OEOOB C30001;JHP 0100H
0EOOE END OF MACHINE CODE FOR AUTO JUMP

MAIN CODE STORED AT 08000H IN lK x 8 EEPROM
IS DOWN LOADED TO 0100H TO RUN

F048 - CONINEQU 0•048H;Z-ASSIST MONITOR ROUTINES
F045 * CONOUT EQU 0F045H
F015 = HEX2EQU OF015H
F018 a HEX4EQU 0F018H
F012 a MSOUTEQU OF012H
7013 - CRLFEQU OF01EH

;ANALOG ACCESS
0001 a CICSAEQU 01H;CHANNEL 1 COMMAND SUM A
0000 a ClCSBEQU OOH;CHANNEL 1 COMMAND SUM B
0002 - C1CRAEQU 021i;CHANNEL 1 CURRENT A
0003 a ClCRBFjU 03H;CHANNEL I CURRENT B
O00E = C2CSA9QU OEH ;CHANNEL 2 COMMAND SUM A
OO0D a C2CSBEQU ODH ;CHANNEL 2 COMMAND SUM B
0007F C2CRAEOU OPH ;CHANNEL 2 CURRENT A
0018 a C2CRBEQU 18H ;CHANNEL 2 CURRENT B
0013 a C3CSAEQU 1311 ;CHANNEL 3 COMMAND SUM A
0012 - C3CBBEQU 12H ;CHANNEL 3 COMMAND SUM B
0014 - C3CRAEQU 14H ;CHANNEL 3 CURRENT A
0015 - C3CRBEQU 15H ;CHANNEL 3 CURRENT B

;MASKS
0040 - MIO2AEOU 40H
0004 a SELFTEOU 00000I001;SELF TEST SWITCH
0010 - LSD1EQU 0001OOOOB;TWS LSD 1 AND FAIL LED
0020 * LSD2EQU 00100000B;TWS LSD 2 AND PASS LED
0040 - LSD3EQU 01000000B;TWS LSD 4 AND CH3 CURR LED
0080 * LSD4EQtl 10000000B;TWS LSD 8 AND CH3 0/S LED
0041 - MIO2BEOU 41H
0001 - IDIEQU 00000001B;TWS ID 1 AND CH3 MODEL LED
0002 a ID2EQU 0000001OB;TWS ID 2 AND CH2 CURR LED o7 3
0004 - ID4EOU 00000100B;TWS ID 4 AND CH2 0/S LED
0008 0 ID8EOU 0000100OB;TWS ID 8 AND CH2 MODEL LED
0010 = MSDIEQU 00010000B;TWS HSD 1 AND CH1 CURR LED
?0 3

A3 - I



0020 - HSD2EQU OO100000B;TWS MSD 2 AND CH1 0/9 LED
0040 - MSD42OU 01000000B;TWS HOD 4 & CHi MODEL LED
0042 a M1O2CROU 42H
004C - M101AEOU 4CR
O00F -' PVY3;3E(U 0OOO1111B;PVII INJECT SELECT CR3
0020 - HDOVIEQ1J 0010O000O;WMK FAIL INJECT CR3 (0C7-CURRENT)
0040 - FAý..SV EQU O1(iOOOOOB;FAIll SWITCH CH3
0080 a FINJ31OU 10000000B;HARD OVER INJECT CH3 (OCS-NODEL)
004D - ?IO191EQU 4DM
000? PWH2EQ11 0000I1.11B;PVM INJECT SELECT CR2
0020 a HDOV29OU 001000009;PVM FAIL, INJECT CH2 (0C0)
0040 F&ILPV2 EQU 01000000D;rAIL SWITCH CR2
0080 F INJ22OU 10000000B;HARD OVER INJECT CR2 (OCS)
0041 NIO1CZQU 4E.H
000? PWXEQU 00001111fl;PVI4 INJPCT SELECT CH1
0020 - HDOVlEQU OO100000B;PVH FAIL INJECT CR1 (0C7)
0040 a FAILSY1 EQU 010000A0B;FAIL SWITCH CH1
0080 - FINJ19QU 10000000B;HARD OVER INJECT CR1 (OCS)
008B = ANACHEOU 8BH;ANALOG CHANNEL TO CONVERT
008C = AHALEQU 8CN;PORT OF LOW 8 BITS A/b
OO6D - ANAHEQU 8DII;UPPER 4 BITS A/D AND STAT
0080 - ANSTEQU 100000009;ANALOO STATUS BIT MASK

0100 ORG O100H1

0100 C3FAO7 JMP MAIN4

0103 = INITABLE: EQU $;INITIATE TABLE (DEFAULT VALUES)
0103 0000000000 DB 0,0,0,0,0;DECO-4
0108 0000000000 DY O,0,0,0;COMSA-CURB
0110 010000 0R 1.,0,0;CIIANNEL SWITCH INTF
0113 640~0 DV 100;HOL'LIM (.5V)
0115 3200 DW 50;CIURIJN (.25V z.5AHP COP.
0117 3C00 Dv 60;TSTLIM
01)'.9 6400 DW 100;TSTWA..
011B F401 DW 500;MAXCUR
011D 9001 DW ei00;STMODLIMIT
011F 0500 DW 5;Cw~rliAX
0121 0000000000 PW1 0,0,0;CHF1-3
0127 0000 DW O;FLAGX
0129 000000 D93 ',0,0;CliFCNTRS
012C 000000 DB 0,U,0;CUlFTYPES
012F !INITENDEQIJ $

0200 - DSEEQU 0200H -DATA BASE
0200 - DECOEQU DSE;La'D OF DATA
0201 = DECIEQU DSE+1;ID OF DATA o7 3
0202 zDEC2EQU DSEf?;IISD OF DATA
0203 - D1C.3EQhI DSE+3;LSD OF ADDR
0204 aDEC4EQU DSEtA;XM) OF ADDR
0205 2 COMS1JhI LOU DSE+5
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0207 - CONSUMB EOU D9E+7
0209 -CURAFQU DSE+9
020B - CURBEQU DSE+ll
020D =CHANNEL EQU DSIE+l3
0203 - SWITCHEQU lDS2i14
020? a INTFBQU D053+15
0210 a DATATABLE EQ1 D83+16
0210 a MIODELLIMIT FOU DSE+16;ADDR 0
0212 m CURLIMEQU DSE+18;ADDR 1
0214 a TSTLINEQU DSE+20;ADDR 2
0216 - TIS¶'VAL EQU DSE+22;ADDR 3
0218 z MAXCUREQU DSE+24;ADDR 4
021A a BTMOIDLIH RQU DBE+26iADDR 5
021C =CNTRMAX EOU DSE+26;ADDR 6
0213 - CHF19OU DBE+30;ADDR 7
0220 = CHF2EOU DSE+32;ADDR 8
0222 = CHF3EOU DSE+34;ADDR 9
0224 = FLAGXEQU DSE+36;ADDR 10
0226 = CH1CNTR EOU DSE+38;ADDR 11
0221 = CH2CNTR EQU DSE+39;ADDR 12
0228 = CH3CNTR EQU DSE+40;ADDR 13
022C -CHiFTYPE EOU DSE+44;ADr'R 14
022D =CH2FTYPE EQU DSE+45;ADDR 15
022E -CH3FTYPE EOU DSE+46;ADDR 16
022F =STFLAG EQU DSE+47;ADDR 17
0232 = STATSAV EQU DSE+f50;A PLACE TO SAVE

;STAT FOR PORT 40H
0234 = LOOPCEQU T)SE+52;LOOP COUNTER

0300 CODEBIGINORG 0300H;BEG!NNING OF SUBROUTINES~

ASCX:;16 BIT ABSOLUTE SUBTRACT I(HL)-(DE)i
0300 37 STU;SET THE CARRY FLAG
0301 3F' CMC;COMPLIHENT CARRY
0302 7D MOV A, L
0303 93 SUs E
0304 6F NOV L,A
0305 71C 10 4
0306 9A srob D
0307 67 NOV tl,A
0308 C9 P.E 1.

AREAD:; ANALOG CH IS IN A LEAVES WITH VALUE IN HL
0309 D38D OUT 08111
0308 D83D AWAIT:IN 08DH ;GET THE CONVERSION $TAT
030D E680 ANI 080H ;LOGICAL AND (')il=A'8
030F C20B03 .7HZ AWAIT;WAIT TIL DONE
0312 DB8C IN 08Ct1;GET THE LOW BYTE
0314 6F NOV L,A;PUT IN L
0315 DB8D) IN 08DH;GE'T THE HIGH NIBLE
0317 67 NOV H,.%;ShVE A COPY IN H

;REMEMBER OFFSET BINARY INPUT IOVxFFFr0.800,-10V=O o7 3
0318 C9 RET

MTH1;FUNCTION - MODEL CHECK
;TF ABS(HL-DEk=xBC. THEN A2FFH ELSE A=O
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0319 35 PUSH H
0311 D5 PUSH D
031B CDO003 CALL ASCX;SUBTRACT
0315 D22803 JNC MTH1A;NO SO CARRY HL)DZ
0321 E1 POP H;GET BACK.IN REVERSE ORDER
0322 D1 POP D
0323 D5 PUSH r;COPY BACK ON STACK
0324 35 PUSH H
0325 CDO003 CALL ASCX;SUBTRACT

MTHIA;GOT ABS(HL-Dg)
0328 D1 POP D;CLEAR THE COPYS
0329 Dl POP D
032A C5 PUSH B;HODEL LIMIT TO DI
032B D1 POP D
032C CU0003 CALL XSCX ;SHOULD BE CARRY FOR SELF TEST
0321 DA3403 JC HTHIF
0332 AF XRA A;SET A=O
0333 C9 RET

ITHIF;FAILED
0334 AF XRA A;SZT AsO
0335 3D DCR A;SET h=FF
0336 C9 RET

MTH2:;FUNCTION - (4) GAIN CHECK
;IF (CUR+) OR

;(TV+TL) < ABS(CUR) < (TV-TL) THEN FAIL
;THEN A=FFH ELSE A=0

0337 7C MOV A,H
0338 1608 ANI 08H;CHECK SIGN
033A C20004 JNZ MTHFS ;NOT A MEG SO SIGH PAIL

;HERE IF MEG CURRENT MAKE ABS
033D ES PUSH H
0333 Dl POP D
033F 210008 LXI H,0800H;CENTER OF SCALE
0342 CD0003 CALL ASCX;NORMALIZE CURRENT
0345 35 PUSH H;SAVE ABS(CUR)
0346 2A1402 LHLD TSTLIM
0349 35 PUSH H
034A Dl POP D
034B 2A1602 LHLD TESTVAL
0341 19 DAD D;X=TV+TL
034F Dl POP D;CURRENT TO DEX TO XL
0350 D5 PUSH D ;SAVE A COPY FOR LATER
0351 CDO003 CALL ASCX;X-CUR
0354 DA6E03 JC ITHFL;IF C THEN CUR)TV+TL--FAILED

;MUST CLEAR 1 BEFORE LEAVING
;IF HERE PASS TV+TL(ABS(CUR)
;NOW CHECK TV-TL>ABS(CUR)

0357 2A1402 LHLD TSTLIM
035A 95 PUSH H
O4ý Dl POP D
035C 2A1602 LHLD TESTVAL
035F CDO003 CALL ASCX;TV-TL2Y
0362 Dl POP D;ABS(CUR) TO DE
0363 EB XCHG;Y TO D,CUR TO HL
0364 CDO003 CALL ASCX;CUR-Y
0367 DA6F03 JC MTHF ;IF C THEN TV-TL)CUBS--FAILBD
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036h AF XRA A:SET A-0
036B C9 RET ;STACK SOULD BE OK TO RETURN

HTHF3; ;ENTER 3ERE TO CLEAR 3
036C D1 POP D

MTHP2:;ENTER HERE TO CLEAR TWO FROM STA•CK
036D D1 POP D;CLEAR TL
0363 31 THFI1:POP H;CLZAR TV

HTHF:;ENTER HERE TO LEAVE FAILED
036F AF XRA A;SIT AsO
0370 3D DCR A;8ET A.FF
0371 C9 RET;RETURN FAILED

MTH3:;FUNCTION - (-) GAIN CHACK
;IF (CURRENT-) OR

;(TV+TL) < ADS(CUR) < (TV-TL) THEN FAIL
;THEN A-PFH ELSE AnO

0372 7C NOV A,H
0373 9608 ANI 08H;CHCCK SIGN
0375 CA0004 JZ MTHFS ;NOT A PLUS CURRENT SO FAIL

;HERE IF PLUS CURRENT MAKE ABS
0378 7C NOV AH
0379 3607 ANI 07H
037B 67 NOV HA
037C E5 PUSH H;SAVE ABS(CUR)
037D 2A1602 LHLD TESTVAL
0380 E5 PUSH H
0381 Dl POP D
0382 2A1402 LHLD TSTLIM
0385 19 DAD D;TV+TL-X ,,HL
0366 DI POP D;GET ABS(CUR) TO DE
0387 D5 PUSH D ;NORMALIZED CURRENT ON STACK
0388 CDO003 CALL ASCX;X-CUR
038B DA6E03 JC MTHF1 ;IF C THEN CUR)TV+TL--FAILED

;MUST CLEAR I BEFORE LEAVING
;IF HERE PASS TV+TL<ABS(CUR)
;NOW CHECK TV-TL>ABS(CUR)

038E 2A1402 LHLD TSTLIM ;TL
0391 E5 PUSH H
0392 Dl POP D
0393 2A1602 LHLD TESTVAL;TV
0396 CDO003 CALL ASCX;TV-TL=Y
0399 D1 POP D
039A EB XCHG;Y TO D,CUR TO HL
039B CDO003 CALL ASCX;CUR-Y
039E DA6FO3 JC MTHF ;IF C THEN TV-TL>CUR--FAILED
03A1 AF XRA A
03A2 C9 RET ;STACK SHOULD BE OK TO RETURN

MTH4:;FUNCTION - TEST Ok
;IF ABS(HL)> TSTLIM THEN A=FFH ELSE AmO

;FORMAT ARS(CUR)>TSTLINT
03A3 7C NOV A,H
03A4 E608 kNI 08H
03A6 C2B303 .NZ MTH4A ;NOT CLEARED SO +CURRENT
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63AS 13 XCHO;CURRINT TO DR

03AA 210008 LXI Ho0600H
031D CDO003 CALL ASCX;NOEHALIZS
0330 C38703 JMP MTH4B;OO CHICK

MTH4A:; +CURRINT CLEAR MOB
@333 7C Nov As"
@314 3607 IL41 07H1
0336 67 Nov HIA

NTH4B: ;N lt TO C9=~ AGhIXS? TEMYINI?
@317 to XCHG;&5I(CUI) TO on
0338 2A1402 LHLD TS'ILIK;03T THR YES? LIMIT
03135 C00003 CALL ASCX
0333 DA,6703 JC MTHF;IF C THU31 ABB(CIRM)) ITJ
03CI AS XRA A;BIT AsO
('3C2 C9 RIT

to I *t**t 22* o*
P17)5: ;FUNCTIOII ABS(NL-DW))CwAIL
;FORHAT ADS (X) -(Y))>(LIMIT)

0303 35 PUSH H;SkVU COKSUNA
03C4 D5 PUSH D;SAV3 CONSUBUH
03CS CDO003 CALL ASCX;COKSA-CONSBY
03CO D2D303 JNC MTH5A;IF C THIN COMSULMA(CONBUHD
03CB 31 POP H ;SO0 DO THll OTHIR WAY
03CC Dl POP D
03CD CDO003 CALL ASCX;COHSB-COMSAUX
03DO C3D503 JMP HTH5B

WrH5A:;ALMOST READY TO CIKtCH
0303 Dl POP D;CLEAR THE STACK
03D4 Dl POP D

MTH59:;REhDY TO CHECK
03D5 33 XCHG;X TO DI
0306 CS PUSH B
03D7 31 POP H
03D8 CDO003 CALL ASCX;LIM-X
03DB DA6703 JC NTHF;IF C THIN X)L!HIT
03D3 AF XRA A;KLSE PASSED, SIT AzO
03D? C9 RET

MTH6 :; FUNCTI OH
; ADS(DZ) >MAXCUR-PAIL

;FORMAT ABS(CUR)>NAXCUR
0330 7A NOV AID
0391 1608 AN! 08H1
0333 C2F003 3HZ HTH6A;4VALUE
03E6 210008 LXI H,OSOOH
0319 CDO003 CALL ASCX ;NORMALIZE NIG VALUE
039C ID XCHG;NORH TO DS
032D C37503 iMP NTH6B;GO CHECK

MTH6k:;PLUS VAL
0370 7A NOV AID
03F1 3607 AN! 07H1
03r3 57 NOV DA
03F4 BB XCHG;CURRUHT TO DE

MTH6D:;CHECK LIMIT
03F5 2AI802 LHLD HAXCUR
0378 CDO003 CALL ASCX;LIMIT-ABS(VALUB)
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03FB DAfF03 JC MTHF ;IF C THEN ABS(VAL)> LIMIT
03F1 AF XRA A

03FF C9 RET

MTHFS:;SIGN FAIL
0400 3380 MVI AO80H
0402 C9 RET

INITIALIZE:;
0403 3301 XVI 101
0405 320D02 5TA CHANNEL
0408 3EAF MVI AO1PH;OPERATE CODE
040A D34C OUT 4CH
040C D34D OUT 4DH
0403 D34E OUT 4EH
0410 AF XRA A
0411 321E02 STA CHF1
0414 322002 STA CHF2
0417 322202 STA CHF3
041A 322602 STA CH1CNTR
041D 322702 STA CH2CNTR
0420 322802 STA CH3CNTR
0423 D341 OUT 41H
0425 320F02 STA INTF
0428 3E04 MVI A,04H
042A D340 OUT 40H
042C 210301 LXI HINITABLE
042F 110002 LXI DDSE
0432 012C00 LXI BINITEND-INITABLE
0435 BDBO DB 0EDH,0BOH;Z80 LDIR BLOCK NOV
0437 C9 RET

DELAYI:;FIXED DELAY
0438 210010 LXI H,1000H

DELAY:;
043B 10FE DB 1OH,OFEH;DJNZ FOR Z80
043D 28 DCX H
043E 7C NOV A,H
043F B5 ORA L
0440 C23B04 JNZ DELAY
0443 C9 RET

STCHECK: ; THIS IS THE SUBROUTINE WHICH HANDLES THE
TESTING OF THE CURRENTLY LOGGED CHANNEL

IN THE SELF TEST MODE

;CHANNEL SELECT
0444 3AOD02 LDA CHANNEL
0447 FE01 CPI 01
0449 CAA105 JZ CHI1T
044C FE02 CPI 02
044E CAFA04 JZ CH2ST

CH3ST:;SELFTEST CHANNEL 3
;CH 3 - MODEL CHECK
0451 3EAF MVI A,0AFH ;MAKE THIS CHAN ACTIVE
0453 D34C OUT 4CH
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0455 CD3SO4 CALL DIUATI. jDILAY 10 ACtUATOR CATCM3S UP
0456 332P KYX 11O2I1IjOCS FAIL
045A D34C OUT 40H
045C 210500 ULI N 5
0451 CD3OW CALL DILAT;O3LA! rOR OCS TO INGOAC

0462 3313 HV! AC3CsA
0464 CD0903 CALL ARIAD
0467 33 XCH
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LIST OF ACRONYMS

A/D ....... nnalog-to-digital
AC ........ alternating current
AFCS ...... automatic flight control system
JHN ...... B[rinell Hardness Number

C ......... capacitance
CAS ....... control augmentation system
cis ........ cubic inches per second
CTFE ...... chlorotrifluoroethelene
DCI ....... Dynamic Controls, Incorporated
DDV ...... direct drive valve
EMI ....... electromagnetic interference
FBW ...... fly-by-wire
GD ....... General Dynamics
GPATR .... general purpose actuator test rig
gpm ....... gallons per minute
HUI ....... Hydraulic Units, Incorporated
I/0 ....... input-output
IC ........ integrated circuit
ISA ....... integrated servoactuator
kg ........ kilograms
ksi ........ kilograms per squarc inch
L ......... inductance
LED ...... light emitting diode
LVDT ..... linear variable differential transformer
MASTR .... Multipurpose Actuation System Test Rig
MAW ...... Mission Adaptive Wing
psi ........ pounds per sqdare inch
PTFE ...... polytrifluoroetheline
PWM ...... pulse width modulation
PZ ........ piezoelectric
R ......... resistance
RS ........ reset-set
SCR ....... silicon controlled rectifier
VAC ...... volts alternating current
VDC ...... volts direct current
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